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Abstract
Long-Duration Gamma-Ray Bursts (GRBs) are the most powerful explosions in the
universe, yet relatively little is known about the progenitor that produces them despite more than forty years of study by the astronomical community. The current
model of the progenitor is the collapse of a massive star and the ejection of a relativistic jet into a pure stellar wind. In this dissertation, a semi-analytic model is
produced to describe the evolution of the GRB jet and the resultant afterglow for an
alternative class of binary merger stellar progenitors. It is shown that, in the case of
GRB 030329, a single-component, relativistic jet propagating into a pure stellar wind
does not best explain the burst afterglow. Stellar merger progenitors are invoked as a
possible alternative to the collapse of a single star, and are shown to produce circumburst density profiles that are profoundly more complex than the generally accepted
stellar wind. Moreover, the interaction of the jet with these complex density profiles
is shown to produce discernible features in the afterglow light curve which may, in
principle, be used to constrain the nature of the burst progenitor.
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Comparison of best-fit parameters for the various models that have
been produced for the GRB 030329 radio afterglow. These models
were first published in Berger et al. (2003a)1, Frail et al. (2005)2 ,
van der Horst et al. (2005)3, and van der Horst et al. (2008)4. The
bottommost model is the best-fit uniform density model presented
in this work. Note that the kinetic energies listed here are valid at
t = tjet for models valid in the relativistic regime and at t = tNR for
models that are valid solely in the non-relativistic regime.
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absorption break: The frequency at which the circumburst medium becomes optically thick to synchrotron self-absorption.
afterglow:

The phase of GRB evolution that occurs after the consecutive shells
of material ejected by the central engine coalesce into a single shell.
Afterglow emission is produced by the interaction of this shell with
the circumburst medium.

ALMA:

Atacama Large Millimeter Array. The ALMA interferometer is an
array of radio telescopes situated in the Atacama Desert of Chile
capable of observing between 30 and 103 GHz.

Beppo-Sax:

an Italian/Dutch X-ray observatory launched in 1996 which was
sensitive to emission from between 0.1 and 300 keV.

CMB:

Cosmic Microwave Background. The thermal radiation left over
from the Big Bang.

cooling break:

The frequency of peak synchrotron emission of electrons which have
a cooling time equal to the current age of the GRB afterglow.

VLA:

an array of 27, 25 meter radio antennas located near Socorro, NM.
The VLA is sometimes also referred to the EVLA or the Jansky
VLA.
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the Energetic X-ray Imaging Survey Telescope. A proposed X-ray
and infrared observatory.

Fermi:

The Fermi Gamma-ray Space Telescope. A current gamma-ray and
hard X-ray observatory.

GRB:

Gamma-Ray Burst. A cosmic explosion with isotropic-equivalent
energies of 1051 − 1054 erg thought to be produced during the collapse of a single, massive star or during the merger and subsequent
collapse of a binary star system.

GRB 030329:

A GRB first detected by the (HETE-2 ) satellite at 11:37 UTC on
March 29th, 2003. The low redshift and high luminosity at radio
frequencies of this burst made it possible to monitor the 5 GHz flux
evolution and afterglow image size deep into the Newtonian phase.

GRIPS:

Gamma-Ray burst Investigation via Polarimetry and Spectroscopy.
A proposed X-ray observatory.

Helium (He) Merger: A potential GRB progenitor resulting from the merger of two
stars in a binary system. In this scenario, the more-massive, primary
star first collapses into a black hole. The secondary, less massive star
evolves off the Main Sequence and overflows its Roche lobe, causing
the primary star to spiral into the secondary and producing a GRB.
Helium-Helium (He-He) Merger A potential GRB progenitor resulting from the
merger of two stars in a binary system. In this scenario, two stars
in a binary system evolve off of the Main Sequence nearly simultaneously and overflow their Roche lobes. The two stars merge and
collapse, producing a GRB.
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Hete-2:

the High Energy Transient Explorer-2. A small X-ray satellite designed to detect and localize GRBs.

injection break: The peak frequency of synchrotron emission of the electrons that
are being injected into the GRB remnant.
inverse Compton scattering: A process by which synchrotron photons scatter off of
electrons as in the Compton Scattering process, except that it is
the photons, not the electrons, that gain kinetic energy from the
encounter.
IMF:

Initial Mass Function. An empirical function that describes the
distribution of initial masses for a population of stars.

JANUS:

the Joint Astrophysics Nascent Universe Satellite. A proposed multiwavelength observatory which completed a NASA-funded Phase A
study in March 2009.

JWST:

the James Webb Space Telescope. An upcoming satellite-borne infrared observatory designed to be the successor to the Hubble Space
Telescope.

LANL:

Los Alamos National Laboratory. A US Department of Energy national laboratory located in Los Alamos, NM.

Lobster:

A proposed X-ray observatory capable of monitoring nearly the entire sky at once.

LOFAR:

the Low Frequency Array. A low frequency (30 - 80 MHz) radio
interferometer with antennas distributed across the Netherlands,
operated by ASTRON - the Netherlands Institute for Radio Astronomy.
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LBV:

Luminous Blue Variable. A type of evolved, massive star (M &
50M⊙ ) which can lose its hydrogen envelope through sporadic, violent mass-loss events.

LWA:

Long Wavelength Array. A low-frequency radio interferometer, currently under construction, sensitive to frequencies between 10 and
88 MHz.

NRAO:

National Radio Astronomy Observatory. A Federally Funded Research and Development Center of the United States National Science Foundation operated under cooperative agreement by Associated Universities, Inc for the purpose of radio astronomy

PI:

Pair Instability. The process by which electron-positron pair production inside a massive star’s core lowers thermal pressure, leading
to runaway burning followed by an explosion of the star, leaving no
remnant behind.

Population II:

Metal-poor stars which formed in protogalaxies at redshift ∼ 15−20.

Population III: The first generation of stars which formed in primordial dark matter
minihalos at z & 20.
progenitor:

A stellar object, binary system, or other object which collapses to
produce a GRB.

prompt emission: The first phase of GRB emission. The GRB central engine expels
consecutive shells of material with along a double-sided jet. These
shells overtake one another and interact collisionlessly to produce
synchrotron and inverse Compton emission with time scales of milliseconds.
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scintillation:

A process by which low frequency radio emission from a compact
source is refracted and/or diffracted by the interstellar medium that
lies between the source and the observer.

SKA:

The Square Kilometer Array. A proposed radio interferometer that
would have one square kilometer of collecting area spread amongst
many antennas.

synchrotron emission: Radiation produced when electrons are accelerated and spiral around magnetic field lines. This is the primary emission mechanism for GRBs.
Swift:

a multi-wavelength space observatory launched on 20 November,
2004.

VLBA:

The Very Long Baseline Array. A radio interferometer operated by
NRAO composed of 10 elements located in the United States and
its territories.

VLBI:

Very Long Baseline Interferometry. The process of using an array
of single radio antennas separated by large distances (& 100 km) to
synthesise an image with an angular resolution equivalent to that of
a single radio telescope with a diameter equal to the largest distance
between the array elements.

WFIRST:

the Wide Field Infrared Survey Telescope. A proposed space-borne
infrared observatory.

WSRT:

Westerbork Synthesis Radio Telescope. A radio interferometer composed of 14 elements located in the Netherlands and operated by the
Netherlands Institute for Radio Astronomy (ASTRON).

xxvii
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ZEUS-MP:

A massively parallel, non-relativistic, astrophysical hydrodynamics code that solves non- equilibrium H and He gas chemistry and
photon-conserving ionizing UV radiation transport together with
Eulerian fluid dynamics in a self-consistent manner.
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Chapter 1
Introduction

1.1

Overview

Gamma-ray bursts (GRBs) are the most powerful explosions known to occur in our
universe. The first GRB was detected entirely by accident on July 2, 1967 by the
Vela 3 and Vela 4 satellites, which were monitoring for Soviet violations of the
Nuclear Test Ban Treaty. The gamma-ray spectrum of the burst was unlike the
signature of any known nuclear weapon, and, after additional bursts were detected
and their direction of origin in the sky was localized, it became clear that they were
not terrestrial in nature. The existence of these bursts was declassified and first
published in Astrophysical Journal in 1973 (Klebesadel et al., 1973).
For nearly two decades, limits on detector technology meant that GRBs were
only detectable for a few tens of seconds, and almost exclusively in the gamma-ray
part of the spectrum (e.g. Hurley 1992), with occasional detections in the X-ray (e.g.
Murakami et al. 1988; Yoshida et al. 1989; Connors & Hueter 1998). A wide range
of models were proposed to explain the origin of GRBs during this period, including
expanding supernova shocks (Colgate, 1974), neutron star formation (Ramaty et al.,
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1973), novae (Hoyle & Clayton, 1974), white holes (Narlikar et al., 1974), flaring
neutron stars (Pacini & Ruderman, 1974), relativistic dust (Grindlay & Fazio, 1974),
and collisions between comets and neutron stars (Harwit & Salpeter, 1973). Little
progress was made in determining the origin of GRBs until the launch of the Compton
Gamma-Ray Observatory (CGRO) in 1991. The Burst and Transient Experiment
(BATSE ) instrument aboard CGRO recorded spectra from 20 − 600 keV for more
than 2700 bursts over its 9 year mission.
The most significant result that arose from the BATSE data was the isotropic
distribution of GRBs across the sky (Meegan et al., 1992). The majority of GRB
models that had been proposed before the early 1990s had assumed that gamma-ray
bursts either originated within our solar system or somewhere in the plane of the
Milky Way galaxy. This was primarily due to energy budget considerations. An
extragalactic GRB visible to terrestrial observers with the typical luminosities that
were being seen would require fantastically energetic explosions that were capable of
releasing upwards of 1051 −1054 ergs of energy in . 102 seconds. Such an event would
briefly outshine an entire galaxy, and would be the most powerful explosion known to
occur in the universe. In order for GRBs to originate within our solar system or the
plane of the Milky Way galaxy (which are both disk-shaped), however, there would
by necessity be a tendency for GRBs to be located preferentially in certain parts of
the sky. Only by originating beyond our galaxy could an isotropic distribution of
GRBs be possible. The realization that GRBs were distributed isotropically across
the sky forced astronomers to search for mechanisms that could produce the extreme
energies that were required for an extragalactic origin.
The first high-resolution image of the afterglow from a GRB was made with the
Beppo-SAX satellite in 1997 (Costa et al., 1997), which made it possible for the first
time to localize a GRB to arc-minute accuracy. Follow-up observations at optical and
lower frequencies became possible (van Paradijs et al., 1997; Frail et al., 1997), which
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provided redshift estimates and host galaxy candidates. The extragalactic origin of
GRBs was confirmed, and a relationship became apparent between a subset of GRBs
(the so-called Long-soft GRBs) and star forming regions in galaxies, suggesting a
stellar origin.
More recent missions include the Swift satellite launched in November 2004, and
Fermi, which was launched in June of 2008. The BAT instrument aboard Swift has
produced hundreds of detections (more than 500 as of 2010), but thanks to its rapidslew capability, has also provided the first early-time GRB afterglows. Prior to Swift,
afterglow observations often did not begin until many hours after the burst, whereas
Swift’s ability to detect and then slew to a burst meant that afterglow observations
could be conducted with its BAT instrument within ∼ 100s. Additionally, the onboard XRT was, for the first time, capable of localizing bursts to within an accuracy
of a few arcseconds. Whereas the Swift BAT is sensitive to energies between 15 and
150 keV, the Fermi GBM is sensitive to energies between 10 keV and 25 MeV.

1.2
1.2.1

GRB Physics
The Fireball Model

Certain astrophysical phenomena, such as AGN, exhibit luminosities that are variable
with time. A coherent fluctuation in the luminosity of a source cannot take place on
a time scale shorter than the light crossing time. Because GRBs exhibit luminosity
variations on the time scale of milliseconds, the size of the GRB emitting region
cannot be any larger than the distance light can travel in a few milliseconds, which is
on the order of 100 km. Any proposed GRB model, then, must provide a mechanism
by which up to 1054 ergs of photon energy can be released in . 102 seconds within
a region with approximately the diameter of Rhode Island.
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The initial properties of the GRB explosion can be inferred regardless of the
precise mechanism that produced it. The high energy density inferred by the limits
on the size of the emitting region suggest the formation of a electron, positron,
and γ-ray fireball. Two γ-rays with energies greater than 0.511 MeV can mutually
annihilate to form an electron-positron pair through the process

γ + γ −→ e− + e+ .

(1.1)

Most GRB emission is observed at energies of ≥ 1 MeV. The fireball, then, must
somehow avoid the loss of high-energy γ-ray photons to pair production. One way
to solve this problem is to assume that the fireball expands relativistically. If we let

β = v/c,

(1.2)

where v is the bulk velocity of the fireball material and c is the speed of light, then
the Lorentz factor of the fireball material is

1
Γ= p
.
1 − β2

(1.3)

If two γ-ray photons with sufficient energy collide, they will only produce an electronpositron pair if the relative angle, θ, of their collision satisfies θ < 1/Γ. A relativistic
fireball (i.e., a large value of Γ) would essentially halt the production of electronpositron pairs by driving θ to 0.
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1.2.2

The Central Engine

The central engine responsible for powering GRBs is not currently known. Two
models exist, both of which invoke accretion onto a compact object. The first,
and more popular, model consists of a stellar-mass black hole with a surrounding
accretion disk. Gravitational potential energy in the disk is converted into kinetic
energy of an outflow as the disk is accreted near the neutrino Eddington Limit onto
the black hole. The strengths of this model are that it is believed to be capable of
producing the high energies seen in observed GRBs and that it is the known engine
of AGN. It is, however, difficult to explain late injection of energy into the burst
with this model, which is sometimes seen in observed GRB light curves.
In the second scenario, a stellar mass first collapses to form a magnetar. The
gravitational potential energy of the star is converted into rotational energy of the
magnetar, leaving it with a millisecond-scale rotational period. An outflow is formed
as material is accreted onto the magnetar, which eventually becomes too massive to
support itself against gravitational collapse and forms a black hole. The magnetar
model can explain late injection of energy into the burst, but has an upper limit on
energy production of 5 × 1052 erg (Nakar, 2010), making it difficult to explain the
highest-energy bursts with isotropic equivalent energies of up to 1054 ergs.

1.2.3

Prompt Emission

Although the Fireball Model is a useful first approximation of a GRB, it suffers from
a significant shortcoming. If even 10−5 of the total burst energy became stored in
the fireball baryonic matter, then the fireball opacity would become sufficient enough
to trap the photons (Rees & Meszaros, 1994). The luminosity of the fireball would
be converted to particle kinetic energy on the millisecond time scale required for
the fireball to become transparent (Mészáros, 2002). Therefore, the model cannot
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explain the existence of the GRBs that have been observed to last seconds or longer.
The failure of the Fireball Model can be partially rectified by noting that the
central engine, whatever it may be, likely does not inject matter and energy into the
outflow at a constant rate. It is more reasonable to model the outflow as a series
of consecutive relativistic shells of material travelling with different Lorentz factors.
These shells will eventually overtake one another and interact. These interactions are
referred to as ‘internal shocks’ due to their origin within the outflow itself, and are
responsible for the so-called ‘prompt-emission’- the γ-ray emission that is detected
for the first . 100 seconds.
Two consecutive shells that interact to form an internal shock do not physically
collide with one another. The interaction is instead mediated by the strong magnetic
fields present in each shell. The energy dissipated in an internal shock is
√
Γ1 + Γ2 − 2 Γ1 Γ2
ǫ=
,
Γ1 + Γ2

(1.4)

where Γ1 and Γ2 are the Lorentz factors of the two interacting shells, respectively
(Rees & Meszaros, 1994). Obtaining the high efficiencies required to produce observed GRB γ-ray luminosities is relatively easy using reasonable values for the two
shell Lorentz factors. Additionally, shell collision time scales naturally explain the
millisecond variability of observed GRB spectra.

1.2.4

The Afterglow

Internal shocks alone cannot explain the observed duration of GRBs. Eventually, the
consecutive shells that were ejected by the central engine overtake one another and
coalesce into a single shell. No internal shocks form after this time, and the prompt
emission ceases. While the majority of γ-ray emission does cease after . 100 seconds,
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emission is generally seen at lower frequencies for from a few days in the optical to
up to several years in the radio. In order to explain this lower-frequency ‘afterglow’,
the GRB must be immersed in some kind of ambient, circumburst medium (CBM).
The GRB fireball sweeps up CBM material as it propagates outward into space.
The strong magnetic fields of the fireball exert a force on charged CBM particles,
causing them to spiral around magnetic field lines. Radiation produced due to the
spiralling of charged particles around magnetic field lines is referred to as synchrotron
radiation. See Appendix 1 for an in-depth discussion of synchrotron radiation.
Typical GRB afterglows are composed of four power law segments separated by
three break frequencies (Fig. 1.1). The break frequencies are time-dependent, and
are determined by the properties of the CBM in which the fireball is propagating.
The cooling break, νc (t), is the peak frequency of emission of an electron in the
fireball that has a cooling time scale equal to the current time, t. The injection
break frequency, νm (t), is the peak frequency of emission of the electrons that are
being injected into the fireball at time t. The synchrotron self-absorption breal
νa (t) is the frequency where synchrotron self-absorption becomes important. The
synchrotron self-absorption break (usually simply referred to as the absorption break)
corresponds to the frequency where the optical depth to synchrotron self-absorption
becomes significant (τsyn = 1).
The relative values of the three break frequencies determines the behaviour of
the GRB afterglow spectrum. Absorption of synchrotron photons below νa leads to
Fν ∝ ν 2 below νa , where Fν is the flux density observed by an Earthbound observer
at frequency ν. The peak flux density occurs either at the injection break or the
cooling break. If νc > νm , then the majority of the injected electrons have not had
a chance to cool by time t. In this so-called ‘slow-cooling’ case, the electrons do not
efficiently radiate away their energy and the fireball expands adiabatically. The peak
frequency in the adiabatic case will be at νm . If the injection break is, instead, larger
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Figure 1.1: Spectrum of GRB 970508 showing the three break frequencies, from
Wijers & Galama (1999).

than the cooling break, then the injected electrons can efficiently radiate away their
energy. This scenario is referred to as the ‘fast-cooling’ or radiative case, and the
peak frequency will be at νc .

1.2.5

Progenitors

Gamma-ray bursts have been observed to follow a bimodal distribution (Fig. 1.2).
One population, the so-called ‘short-hard’ bursts, exhibit a steeper γ-ray spectrum
and prompt emission that lasts . 2 minutes. The other population, the ‘long-soft’
bursts, have a shallower γ-ray spectrum and can last up to several minutes.
Short-hard bursts are thought to be the result of the merger of a binary system
composed of compact objects such as two neutron stars or a neutron star and a black
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Figure 1.2: Histogram showing the distribution of GRB detections with T90 , from
Nakar (2007).

hole. This is motivated by the observation that short-hard GRBs are often associated
with older galaxies that do not currently exhibit significant star formation. As the
two compact objects shed angular momentum and spiral in toward each other, the
neutron star(s) are forced into a disk. A black hole forms (or is already located) at
the center of the disk. The accretion of the disk onto the black hole powers the GRB.
As the purpose of this work is to study the nature of the long-soft GRBs, short-hard
GRBs will not be discussed further.
A link has been shown to exist between long-soft GRBs and star forming regions in
galaxies (Paczynski, 1998). It has therefore been suggested that long-soft GRBs are
related to the deaths of short-lived, massive stars. This interpretation is supported
by the observation of supernovae that appear spatially and temporally coincident
with known GRBs (Stanek et al., 2003; Berger et al., 2011). In order to produce a
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GRB from a collapsed stellar mass, the star must have sufficient angular momentum
that, when it collapses, infalling material forms an accretion disk rather than falling
straight into the black hole. In addition, the star’s hydrogen envelope must have
been shed before the burst, or the fireball will not be able to escape from the interior
of the star (Fryer et al., 2007a).
The simplest stellar GRB progenitor model is the collapsar. Collapsars are single,
massive stars that lose their hydrogen envelopes and then collapse to form a black
hole with an accretion disk. There are three methods that have been theorized
that would remove the hydrogen envelope from a collapsar. For stars with masses
between ∼ 100 and ∼ 150M⊙ , pulsation pair instabilities can efficiently remove the
entire envelope (Fryer et al., 2007a). Strong, line-driven winds become important for
masses of greater than ∼ 30M⊙ for solar metallicities (Heger et al., 2003). A collapsar
that loses its hydrogen envelope via stellar winds would be a subclass of the Wolf
Rayet stars which collapses to a black hole and retains enough angular momentum
to produce an accretion disk. Most Wolf Rayet stars that lose their entire hydrogen
envelopes are expected to lose so much mass through winds that not enough material
is left over to form a black hole. Heger et al. (2003) find that the masses of Wolf
Rayet stars that could produce GRBs lies in a very narrow range (∼ 34 − 60M⊙ at
solar metallicity, & 36M⊙ at 0.1 solar metalicity, and & 60M⊙ at zero metallicity).
A key problem with invoking stellar winds as the mechanism for removing the
hydrogen envelope of a collapsar is that stellar winds efficiently transfer angular momentum away from the star, making the formation of an accretion disk problematic
(Woosley & Heger, 2006). A possible alternative is mixing of the hydrogen envelope
with other layers of the star. If there is efficient mixing, then the hydrogen envelope
is not expelled, but is rather converted into helium core material (Yoon & Langer,
2005a; Woosley & Heger, 2006).
A wide variety of merger scenarios have also been put forward as possible GRB

10

Chapter 1. Introduction
progenitors. In the simplest case, the more massive star in a binary system evolves
off the Main Sequence and expands and envelops its companion. The companion
star spirals down into the core of the evolved massive star, and the massive star’s
hydrogen envelope is ejected. This is known as the ‘classic binary’ scenario (Fryer
et al., 2007a). If the two stars are close enough together after the loss of the hydrogen
shell, then they can become tidally locked, and the more-massive star will be spun
up by its companion. Yoon et al. (2006a) found that the more massive star will
reach tidal synchronization in within a fraction of its lifetime if its companion is a
solar-type main sequence star which fills its Roche lobe, due to magnetic coupling
between the massive star’s core and its envelope. This magnetic coupling would force
the star into nearly solid-body rotation, which would leave it with too little angular
momentum to produce an accretion disk when it collapsed.
Ivanova & Podsiadlowski (2003) determined that, in some cases, the in-falling star
in the classic binary model can overflow its Roche lobe and begin to accrete directly
onto the massive star, spinning it up in the process. Additionally, the accreted
material can be ignited as it penetrates the helium core of the massive star, creating
an explosion that could drive off the massive star’s hydrogen and helium envelopes.
A pure carbon/oxygen core will be left over, which is consistent with observations
of supernovae associated with GRBs, and a GRB will occur within 104 years (Fryer
et al., 2007b).
A possible way to avoid the loss of angular momentum via magnetic coupling is
through the Helium-Helium (He-He) Merger model. In this scenario, a binary system
exists in which there are two stars of nearly equal mass. The stars enter a common
envelope phase as in the classic binary model after the more massive of the two stars
exits the Main Sequence. Before the two stars can merge or the first star can collapse,
however, the second, slightly less massive star also exits the Main Sequence, and the
stars enter a second common envelope phase. The two stars then merge and form a
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single, rapidly-rotating star with a tenuous hydrogen envelope that is subsequently
lost by winds (Fryer et al., 1999b). Fryer & Heger (2005a) find that an He-He merger
will spin slightly faster than its single-star counterpart.
Another variation on the binary merger scenario is the Helium Merger (HeMerger) model, which should not be confused with the He-He Merger model outlined above. In the He-Merger model, the binary system is composed of two massive
stars. One star evolves off of the Main Sequence and collapses to form a compact
object (a neutron star or a black hole). The second star then evolves off of the Main
Sequence and envelopes the compact object. The compact object then spirals down
into the center of its companion, which collapses. Rather than having too little angular momentum, the He-Merger model may have too much (Di Matteo et al., 2002;
Fryer et al., 2006). Interestingly, the binary system can be propelled beyond where
it formed by the kick it is given during the formation of the compact object. These
bodies would therefore not necessarily be embedded in a stellar wind (Fryer et al.,
2007a), consistent with observations of GRB afterglows that suggest that at least
some GRBs are embedded in constant-density ISM environments.

1.2.6

Jets

One of the reasons that astronomers originally believed that GRBs originated within
the Milky Way galaxy or our own solar system was the enormous energies that would
be required for an extragalactic origin. When redshifts were finally determined in
the 1990s through the observation of optical afterglows, it became apparent that
GRBs did, in fact, originate beyond our galaxy. The struggle then became to come
up with a mechanism that could produce the necessary 1051 − 1054 ergs of photon
energy required to explain observed GRB luminosities.
The most popular way to explain the high luminosities of GRBs is to assume that
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the emission is not isotropic. Instead, a GRB outflow is confined to a collimated,
double-sided jet with half-opening angle θj . If the jet happens to be pointed in our
direction, then we see a GRB. Otherwise, we see nothing at all. If GRBs produce jets,
then the true energy of the burst is substantially less than what would be expected
for an isotropic outflow because the emission is confined to a narrow solid angle. The
energy of a GRB that produces a double sided jet is

Ek = (1 − cos θj ) Eiso ,

(1.5)

where Eiso , termed the isotropic equivalent energy, is the total kinetic energy of the
burst if it is assumed to be isotropic.
The presence of a jet can produce a clear signature in an afterglow light curve. A
relativistic jet will be strongly beamed in the forward direction. If the jet is pointed
directly at the observer, then only the very center of the jet is initially visible. As
time progresses, the jet decelerates, decreasing the effect of beaming, and more and
more of the jet becomes visible. The afterglow steadily becomes weaker as the bulk
Lorentz factor, Γ, of the jet decreases, but the rate of the decrease in luminosity
seen by the observer is somewhat offset by the increase in the size of the observed
emitting region. Then, at the jet-break time tjet , the edge of the jet becomes visible
to the observer. The rate of the decrease in luminosity is now no longer offset by
an increase in the size of the observed emitting region, and an achromatic break in
the light curve appears. Jet breaks have been seen in many GRB afterglows (Liang
et al., 2008; Dai et al., 2007; Berger et al., 2001; Harrison et al., 1999).
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1.3

This Dissertation

Although much progress has been made in recent years in gamma-ray burst astronomy, many questions remain unanswered. Perhaps the most important of these
questions is: “what is the long duration gamma-ray burst progenitor?”. In essence,
we know what a long-duration GRB is; it is the release of 1051 − 1054 ergs of energy
in . 102 seconds, accompanied by a synchrotron and inverse-Compton afterglow.

But, where did that energy come from? How can an event produce as much energy
in a matter of seconds as the sun is expected to produce in its entire 10 billion year
lifetime?
In order to probe the nature of the long-duration GRB progenitor, it is critical
to understand the nature of the circumburst medium in which the progenitor is immersed. If the progenitor is some form of stellar object, then it likely influences the
structure of the medium around it through ionization, stellar winds, and outbursts.
The final structure of the circumburst medium can be highly complex, and is dependent upon the specific type of stellar progenitor that is present. The outflow
from a GRB must pass through this medium. A GRB afterglow, therefore, may
contain information as to the properties of the circumburst medium, and could be
used to determine the nature of the progenitor. In this dissertation, observational
and theoretical techniques will be employed to determine whether the properties of
the circumburst medium can be ascertained from GRB afterglows.

1.3.1

Goals

The goals of this dissertation are as follows:
I. To produce a semi-analytic method capable of modelling the hydrodynamics of,
and afterglows produced by, GRB jets in realistic stellar merger progenitor density
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profiles. This model will then be used to show that simple stellar winds are not an
accurate picture of the circumburst density profile surrounding a stellar progenitor.
II. To model the afterglow emission from Population II/III stars at redshifts of
z & 15 in order to determine light curve characteristics and feasibility of detection
with current and upcoming instruments.
III. To measure the GRB 030329 radio afterglow expansion rate using size measurements and flux densities derived from multiple VLBI and VLA observations in
order to determine the nature of the circumburst medium
IV. To test the hypothesis of a double-sided jet by looking for the counterjet’s contribution to the GRB 030329 radio afterglow flux as the jet becomes nonrelativistic
V. To perform calorimetry on the GRB 030329 radio afterglow by simultaneously
fitting size measurements and flux densities.

1.3.2

Organization

The semi-analytic method for producing GRB afterglow light curves in realistic circumburst media is derived in §2. In §3, the semi-analytic method developed in §2
will be be expanded upon to produce afterglow light curves for GRBs at redshifts of
z & 15. The feasibility of detecting high-redshift GRBs with current and upcoming
instruments will also also be discussed. In §4, the nature of the circumburst medium
surrounding GRB 030329 will be explored by fitting measurements of the afterglow
expansion rate to a suite of models. The double-sided jet model for GRBs will also be
tested by searching for a surplus of emission at the transition time to non-relativistic
expansion, tNR . The semi-analytic method developed in §2 and §3 will be applied to
the GRB 030329 radio afterglow in §5. A χ2 fit will be done to the measurements
15
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of the afterglow flux and to the image size in order to perform burst calorimetry.
Conclusions will be made and future work will be discussed in §6.
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Chapter 2
Gamma-Ray Bursts in
Circumstellar Shells
The contents of this chapter were published in a modified form as Mesler R. A.,
Whalen, D. J., Lloyd-Ronning, N. M., Fryer, C. L., & Pihlström, Y. M. 2012, ApJ,
757, 11. Used with permission.

Abstract:
It is now generally accepted that long-duration gamma-ray bursts (GRBs)
are due to the collapse of massive rotating stars. The precise collapse
process itself, however, is not yet fully understood. Strong winds, outbursts, and intense ionizing UV radiation from single stars or strongly
interacting binaries are expected to destroy the molecular cloud cores that
give birth to them and create highly complex circumburst environments
for the explosion. Such environments might imprint features on GRB
light curves that uniquely identify the nature of the progenitor and its
collapse. We have performed numerical simulations of realistic environments for a variety of long-duration GRB progenitors with ZEUS-MP,
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and have developed an analytical method for calculating GRB light curves
in these profiles. Though a full, three-dimensional, relativistic hydrodynamical computational model is required to precisely describe the light
curve from a GRB in complex environments, our method can provide a
qualitative understanding of these phenomena. We find that, in the context of the standard afterglow model, massive shells around GRBs produce
strong signatures in their light curves, and that this can distinguish them
from those occurring in uniform media or steady winds. These features
can constrain the mass of the shell and the properties of the wind before
and after the ejection. Moreover, the interaction of the GRB with the
circumburst shell is seen to produce features that are consistent with observed X-ray flares that are often attributed to delayed energy injection by
the central engine. Our algorithm for computing light curves is also applicable to GRBs in a variety of environments such as those in high-redshift
cosmological halos or protogalaxies, both of which will soon be targets of
future surveys such as JANUS or Lobster.

2.1

Introduction

It has long been believed, and pre-explosion progenitors have proven for nearly a
dozen cases, that type Ib/c and II supernovae are produced in the collapse of massive stars. Although we have yet to observe a pre-explosion gamma-ray burst (GRB)
progenitor, the evidence that many long-duration GRBs are also produced via massive star collapse has grown since their discovery in 1973 (for reviews, see Woosley
& Bloom, 2006a; Fryer et al., 2007c). The engine at the heart of these long-duration
GRBs is believed to be powered either by a rapidly-accreting black hole or a rapidlyspinning magnetar (Woosley, 1993a; Woosley & Bloom, 2006a; Barkov & Komissarov,
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2011), but the exact progenitor of these engines is still unknown. More than a dozen
scenarios have been proposed in which a massive star or tightly-coupled binary system can collapse to form such disks (Fryer & Woosley, 1998a; Fryer et al., 1999b,
2007c; Zhang & Fryer, 2001a).
The simplest progenitor is the classic collapsar, a massive star that sheds its
hydrogen envelope by strong winds and violent mass eruptions (akin to luminous blue
variable outbursts) prior to the collapse of its core (Woosley, 1993a). Additionally,
a host of massive star models exist, a set of which invoke binary merger events (see
§1.2.5 for an in-depth discussion of the various proposed binary merger progenitors).
Like the violent mass ejection in massive stars, these merger events eject shells of
material into the immediate surroundings before the GRB outburst. Both single
star and binary mass ejections can occur just a few thousand years prior to stellar
collapse. In the case of the helium merger model, we expect the merger-driven mass
ejection to occur less than a few years before the launch of the GRB jet. The jet
must plow through this shell as it is producing the gamma-ray emission we observe.
The structure of the circumburst media should imprint signatures on their afterglows that identify the mode of collapse (Mészáros, 2002; Woosley, 2011), providing
a mechanism that can be used to better understand the progenitors of these cosmic
explosions. Analytical models of relativistic jets in both uniform circumburst densities and free-streaming wind profiles have yielded light curves that are in reasonable
agreement with observations (Berger et al., 2000; Yost et al., 2003; Curran et al.,
2011; Price et al., 2002). Recently, collisions of the jet with more complicated structures have been examined, such as wind-termination shocks (Ramirez-Ruiz et al.,
2001, 2005; Dai & Lu, 2002; Nakar & Granot, 2007), shocks due to collisions between
stellar winds from nearby stars. (Mimica & Giannios, 2011), clumps (Ramirez-Ruiz
et al., 2005), and magnetic shocks (Yost et al., 2003). Ramirez-Ruiz et al. (2001,
2005) and Dai & Lu (2002) found that sharp features in circumburst densities due to
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clumps and shocks create discernible features in GRB light curves, although Nakar &
Granot (2007), who consider the dynamics of the reverse shock and assume that the
jet remains relativistic after encountering a jump in density, do not. Mimica & Giannios (2011) found gradual shallowing in the light curve when the jet passes through
a shock formed when stellar winds from the progenitor and a neighbor collide.
Flares are often observed in GRB lightcurves within the first few thousand seconds, notably in GRB 081029 (Nardini et al., 2011), GRB 071112C (Huang et al.,
2012), GRB 050502B (Falcone et al., 2006), GRB 060607A (Ziaeepour et al., 2008),
and GRB 050421 (Godet et al., 2006). It is generally accepted that these flares are
a product of late-time injections of energy into the system by the GRB’s central
engine, but this is not the only possible scenario. When the jet from a GRB encounters a shell produced by a stellar progenitor, it experiences an abrupt increase in the
medium density. GRB light curves are much more sensitive to a decrease in medium
density than to an increase (Yost et al., 2003), meaning that an abrupt increase
in density of the order of ∼ a few will leave almost no discernible imprint on the
observed light curve. In contrast, our hydrodynamical models can produce sudden
enhancements in the density of five orders of magnitude or more at the trailing edge
of the shell (Fig. 2.1), which is sufficient to produce bright flares despite the weak
dependence of the light curve on an increase in density.
Winds, outbursts and ionizing UV radiation from GRB progenitors all disperse
the molecular cloud cores that created them and create far more complex ambient
morphologies for the jet than those considered in afterglow studies to date (but note
Fryer et al., 2006; Whalen et al., 2008a). In this chapter, we model such environments
for a variety of GRB scenarios with ZEUS-MP. Our 1D models span a wide variety
of winds and outbursts with complex gas chemistry and cooling that capture the
true structure of the circumburst medium. We have also developed a semi-analytical
approach based on previous work by Panaitescu & Kumar (2000), Huang et al.
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(1999), and Pe’er (2012) for computing GRB light curves in any general density
profile, not just the uniform media, winds and simple density jumps in previous
studies. We apply this new method to compute light curves for relativistic jets
propagating through circumburst shells, and examine the imprint of these shells on
the light curves in order to determine if they constrain the mode of collapse.
In §2.2 we discuss the ZEUS-MP code, how it is used to simulate the environments
of long-duration GRBs, and our grid of wind models. We review the results of our
shell ejection calculations in §2.3. In §2.4 we describe how our new analytical models
of GRB jets are applied to hydrodynamical profiles from these simulations to compute
light curves for a variety of energies. We calculate GRB light curves in our grid of
shell profiles, which correspond to a variety of collapse scenarios, and determine
if specific light curve features constrain the nature of the progenitor. In §2.5 we
conclude.

2.2

2.2.1

Numerical Method

ZEUS-MP

ZEUS-MP is a massively-parallel astrophysical hydrodynamics code that solves nonequilibrium H and He gas chemistry and photon-conserving ionizing UV radiation
transport together with Eulerian fluid dynamics in a self-consistent manner (Whalen
& Norman, 2006b, 2008c,a). The hydrodynamics equations are
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∂ρ
= −∇ · (ρv)
∂t
∂ρvi
= −∇ · (ρvi v) − ∇p − ρ∇Φ − ∇· Q
∂t
∂e
= −∇ · (ev) − p∇ · v − Q : ∇v,
∂t

(2.1)
(2.2)
(2.3)

where ρ, e, and the vi are the gas density, internal energy density, and velocity of each
zone and p = (γ − 1) e and Q are the gas pressure and the von Neumann-Richtmeyer

artificial viscosity tensor. We evolve mass fractions for H, H+ , He, He+ , He2+ , H− ,

−
H+
2 , H2 , and e with nine additional continuity equations (the species are assumed

to have the same velocities) and the non-equilibrium rate equations of Anninos et al.
(1997)

X
XX
∂ρi
βjk (T )ρj ρk +
κj ρj ,
= −∇ · (ρv) +
∂t
j
j
k

(2.4)

where βjk is the rate coefficient for the reaction between species j and k that
creates (+) or destroys (-) species i, and the κj are the radiative reaction rates. Microphysical cooling and heating are calculated with operator-split isochoric updates
to the gas energy density that are performed every time the reaction network is
solved:

ėgas = Γ − Λ.

(2.5)

Here, Γ is the photoionization heating rate for all species over all photon energies
and Λ is the sum of all cooling rates. We include collisional excitation and ionization
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cooling by H and He, recombinational cooling, H2 cooling, and bremsstrahlung cooling, with our non-equilibrium reaction network providing the species mass fractions
needed to accurately calculate these collisional cooling processes. We also calculate
fine structure cooling due to C, O, N, Si and Fe using the Dalgarno & McCray (1972)
cooling curves, generalized to arbitrary elemental abundances. We exclude cooling
by dust.
Fluid flow, gas heating and cooling, and H and He chemistry can occur on
highly disparate timescales whose relative magnitudes can widely vary throughout
the course of a calculation. The many chemical reaction timescales can be consolidated into a single chemistry time step defined as

tchem = 0.1

ne
,
ṅe

(2.6)

which is formulated to ensure that the fastest reaction operating at any place or time
on the grid determines the maximum time by which the reaction network may be
accurately advanced. The timescale on which the gas heats or cools is given by

th/c = 0.1

egas
.
ėgas

(2.7)

To evolve each physical process on its respective timescale without restricting the
entire algorithm to the shortest one, we subcycle the reaction network and energy
equation over the time step on which we update the hydrodynamics equations. We
first compute the minimum tchem and th/c for the entire grid and then perform consecutive updates of species mass fractions and gas energy densities over the smaller of
these two times until the lesser of th/c and tCF L is reached, where tCF L is the Courant
time. At this point a full update of the hydrodynamics equations is performed and
the cycle repeats.
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The prefactor of 0.1 in equations 2.6 and 2.7 guarantees that mass fractions never
change by more than 10% when the reaction network is solved and that gas energies
do not change by more than 10% over a time step. This prevents catastrophic runaway cooling in gas at high densities and metallicities by either H2 or fine-structure
cooling, like those in dense shells swept up by strong winds or mass ejections.

2.2.2

Problem Setup

To model mass ejections in ZEUS-MP, we treat stellar winds and outbursts as timedependent inflows at the inner boundary of a 1D spherical grid with 32,000 zones.
The gas is assigned H and He mass fractions of 0.76 and 0.24, respectively, and a
metallicity Z = 0.1 Z⊙ . The mesh extends from 10−4 pc to 0.3 pc with outflow
conditions on the outer boundary. The inflow is imposed at the inner boundary in
the form of a time-varying density and velocity:

ρ =

ṁ
,
4πrib 2 vw

(2.8)

where rib is the radius of the inner boundary and vw is the wind velocity. Outbursts are modeled by increasing ṁ and lowering vw . Because stellar winds clear out
gas from the vicinity of the star prior to any outbursts, we initialize the grid with a
free-streaming density and velocity profile

ρ(r) =

ṁ
,
4πr 2 vw

(2.9)

where the wind velocity is assumed to be constant. The temperatures of the
initial density profile is set to 100 K. We launch the outburst at the beginning of the

24

Chapter 2. Gamma-Ray Bursts in Circumstellar Shells
simulation. The grid is domain decomposed into 8 tiles, with 4000 mesh zones per
tile and one tile per processor.
We neglect the effect of ionizing radiation from the star on the structure of the
dense shell. This treatment is approximate, given that the progenitor illuminates the
flow over its entire lifetime and that its luminosity evolves over this period. However,
the heat deposited in the wind by photoionizations is small in comparison to its bulk
kinetic energy and is unlikely to alter the properties of the flow in the proximity of
the GRB.

2.2.3

Grid of Shell Models

For collapsar and He mergers we consider 3 mass loss rates ṁw = 10−6 , 10−5, and 10−4
M⊙ /yr and outbursts ṁb = 10−2 M⊙ /yr lasting for 10 yr and 100 yr that correspond
to total shell masses of 0.1 and 1.0 M⊙ , respectively. We take the velocities of the
fast wind and slow shell to be 2000 km/s and 200 km/s, respectively, and in each
model use the given ṁw to initialize the density across the entire grid, assuming
that the star sheds mass at the same rate before and after the outburst. In general,
larger shell masses are expected for He mergers but both kinds of progenitors can
exhibit light, moderate and heavy winds, so there is some degeneracy across our grid
of models. We also consider He-He mergers by simulating the loss of the common
envelope with a single massive outburst ṁb = 10 M⊙ /yr that lasts for one year and
has a velocity of 200 km/s.

2.2.4

Wind Bubble Test

Before calculating circumburst environments for a GRB progenitor, we first model
the bubble blown by its fast wind during the life of the star. This bubble is the
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primary circumstellar structure formed by the star and grows to radii of 20 - 30 pc
before outbursts alter its interior on scales of a few tenths of a parsec late in the life
of the star. Since the gamma-ray spectra and afterglow of the GRB are primarily
governed by the interaction of the jet with its surroundings out to ∼ 0.1 pc and
10 pc, respectively, this primary shell does not affect the observational signature of
the GRB at early times. However, we simulate this bubble first to verify that for
reasonable choices of ambient density it is indeed at least 10 pc from the star when it
dies and does not immediately impact the afterglow. Also, the effect of local density
and radiative cooling on the structure and kinematics of shells in general is more
easily seen with this first bubble than the more complicated structures created by
interactions between slow outbursts and fast winds just before the death of the star.
The wind bubble has the classic two-shock structure first described by Castor
et al. (1975) and Weaver et al. (1977). As we show in Fig. 2.1, one shock forms
at the interface between the emergent wind and the surrounding gas as it is swept
up at speeds greatly exceeding the sound speed of the gas. As gas accumulates on
the bubble, the shock detaches from the wind and moves ahead of it, forming an
intervening shell of dense postshock gas. At the same time, the expansion of the
bubble evacuates a cavity into which the wind freely streams. Since the shell moves
more slowly than the wind, a termination shock also forms where the wind piles
up against the inner surface of the shell. If gas in the shell can radiatively cool, it
flattens into a cold, dense structure that is prone to fragmentation into clumps.
We first performed four tests with steady winds of ṁw = 10−5 M⊙ /yr and vw =
1000 km/s in uniform densities n = 10, 100, 1000 and 1.8 × 104 cm−3 to investigate
how local densities govern the radius of the bubble at intermediate times. For simplicity, these calculations were done with no chemistry or radiative cooling. As we
show in the left panel of Fig. 2.1, ambient density governs only how far the bubble
is driven from the star, not the profile of the free-streaming region in the immediate
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vicinity of the star, which is determined only by ṁ and vw (and fluctuations thereof).
We find that radiative cooling has a dramatic effect on the structure of the primary shell but no influence on the flow up to the shell, as we show in the right
panel of Fig. 2.1 for the same wind and n = 100 cm−3 . The three plots show the
structure of the bubble with no cooling, H2 cooling, and fine-structure cooling due
to metals at Z = 0.1 Z⊙ . The cooling flattens the shell into a cold dense structure and radiates away some of its thermal energy, slightly retarding its advance.
The free-streaming zone is again unaffected because the wind velocity ensures that
the termination shock is at least 0.6 pc from the star by the end of the simulation.
Thus, chemistry and cooling will clearly cause any subsidiary shells ejected by the
progenitor at late times to be much thinner and denser, with potentially important
consequences for the propagation of the jet.

2.3

Circumburst Density Profiles of Collapsars
and He Mergers

We now consider the more complicated structures in the immediate vicinity of the
star at the time of the GRB. We examine a fiducial case from our grid of shell models,
the 100 yr outburst in a stellar wind with ṁw = 10−5 M⊙ /yr, whose density and
temperature profiles we show at 120, 600 and 1000 yr in Fig. 2.2. As the shell emerges
from the star, it promptly cools to extremely low temperatures, as we show in panel
B of Fig. 2.2 at 120 yr. This happens because fine-structure cooling timescales are
less than a year in the dense 0.1 Z⊙ shell. At the same time, the fast wind detaches
from and races ahead of the shell, as we show in panel A of Fig. 2.2. This creates a
zone of rarefaction into which the shell freely streams, as shown by its roughly r −2
density profile.
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Figure 2.1: Left panel: wind-blown bubbles at 6.25 × 104 yr for ṁw = 10−5 M⊙ /yr
and vw = 103 km/s for four fiducial ambient densities, 10, 100, 1000 and 1.8 ×
104 cm−3 . These profiles include no radiative cooling. As can be seen in the plots,
densities within ∼ 1 pc of the star depend only on ṁ and vw for n . 100 cm−3 . Right
panel: structure of the shell at 1.25 × 104 yr in an ambient density of 100 cm−3 with
no cooling, H2 cooling and fine structure cooling by C, O, N, Si and Fe at Z = 0.1
Z⊙ (from the Dalgarno–McCray, or DM, cooling curves). Radiative cooling flattens
the shell plowed up by the wind into a cold dense structure, with no effect on the
free-streaming region in the vicinity of the star. Note also that efficient cooling in
the shell also radiates away some of its thermal energy and slows its advance.

As the wind pulls away from the shell, the abrupt adiabatic expansion causes
temperatures at its inner edge to drop sharply. The expansion of the rarefied region
likewise causes its temperatures to fall to ∼ 1 K. In reality, gas temperatures cannot
fall below the cosmic microwave background temperature at this epoch, TCM B =
2.73(1 + z) K, but this is not included in our simulations. We also ignore any heating
of the gas due to other external processes such as cosmic rays or photons from the
progenitor itself. Although these processes could conceivably alter the density profile
in the regions of free-streaming wind if those regions were to become ionized, the
temperature of the shell is set by the conversion of the free-streaming wind’s kinetic
energy into thermal energy at the shell’s inner edge (as well as through radiative
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Figure 2.2: Density profiles (a) and temperature profiles (b) for a 100 yr outburst
with ṁb = 10−2 M⊙ /yr in a stellar wind with ṁw = 10−5 M⊙ /yr. Black: 120 yr; red:
600 yr; blue: 1000 yr.

cooling throughout its interior). Any modifications of the shell structure due to
heating by other processes is negligible.
The density dip at the beginning of the rarefaction region and the density jump at
the rear edge of the detached wind are complementary and due to mass conservation.
When the fast wind breaks away from the shell a thin shell of dense gas from its
outer layers breaks off with it, leaving a thin layer whose density is even lower than
that of the rarefied region and which remains a persistent feature of the flow out
to ∼ 500 yr. A transient structure with multiple strong density jumps results: the
emerging massive shell and the inner edge of the rapidly receding wind separated by
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an intervening low density region. The shell soon begins to plow up the low-density
gas, as can be seen in the density bump just beyond its leading edge.
After the shell has been fully ejected (and the fast wind has exited the grid), it
soon evolves into a wind bubble as the fast wind piling up at its inner surface forms
a termination shock that detaches and recedes from it in the frame of the shell. The
termination shock heats the gas piling up at the inner surface of the shell to ∼ 108
K while the shell itself remains cold due to fine-structure cooling. Densities in the
postshock gas between the termination shock and the shell become roughly uniform
because sound speeds in the shell are ∼ 1100 km/s and it is nearly isothermal, so
pressure gradients in this region arising from any initial density gradients across it are
erased by acoustic waves on timescales that are short in comparison to the expansion
times of the shell. Temperatures in the shell are lower than those of canonical wind
bubbles because the ambient density is too low to heat the shell and activate H and He
line cooling, in contrast to Fig. 2.1. Strong bremsstrahlung x-ray flux from shocked
gas at the inner surface of the shell likely ionizes it to some degree, but probably
does not otherwise alter its properties because, at these photon energies, most of the
kinetic energy of the photoelectrons goes into secondary ionizations rather than heat
(e.g. Shull & van Steenberg, 1985; Ricotti et al., 2001, 2002, 2005). By 760 yr the
shell has swept up enough low density gas to form a shock, which soon separates
from the shell and advances beyond it as shown in the density and temperature plots
at 1000 yr. This feature is temporary: the shell eventually subsumes the secondary
shock as it expands. A free-streaming region forms behind the termination shock
and extends to ∼ 0.1 pc by 1000 yr. Part of the reason the shell drives a shock at
intermediate times is that it accelerates as it is pushed by the fast wind and as it
expands into low densities that continue to fall over time, as we show in all three
density plots. A velocity gradient develops across the shell as its inner and outer
surfaces accelerate to 220 km/s and 280 km/s respectively over 1000 yr.
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Radiative cooling flattens the ejected shell as it expands into the surrounding
medium. Its width at first is 0.02 pc at 100 yr but later decreases essentially to
the resolution limit of the grid by 1000 yr. This is not unexpected: when a dense
shell driven by winds or swept up by a supernova can radiatively cool, its width
usually drops to a few mesh zones, with the number of zones being determined by
the numerical viscosity of the hydrodynamic algorithm. All seven models exhibit the
same general evolution, with the only variations being in the thickness of the shell
over time, its peak densities, and its location on the grid at the time of the GRB.
The thickness and average density of the shell varies from 0.02 to 0.0001 pc and 105
- 109 cm−3 over 1000 yr.
All our models of massive shell ejection follow the evolutionary sequence we have
just described, with the only differences being in the magnitudes of density jumps,
the mass and thickness of the shell at a given time, and the positions of the regions
on the grid.

2.4

Afterglow Light Curves

We now discuss the general method we have devised for computing light curves for
relativistic jets in the complicated wind structures we have modeled in ZEUS-MP.

2.4.1

Jet Hydrodynamics

In the canonical fireball model, gamma-ray bursts are modelled as initially highlyrelativistic jets that propagate outward into an ambient medium. We will assume
that the jet expands adiabatically, i.e., only a very small fraction of the total burst
energy is available to the electrons to be radiated away, and that all of the circumburst
material in the jet’s path is swept up. In the following discussion, primed quantities
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refer to the reference frame that is comoving with the jet, unprimed quantities with
no subscript refer to the reference frame in which the ISM is at rest, and quantities
with the subscript ⊕ refer to the reference frame of an Earthbound observer.
Energy conservation requirements yield a formula for the evolution of the jet
as it propagates through the external medium. In the case where the jet expands
adiabatically,

dΓ
γ̂ (Γ2 − 1) − (γ̂ − 1) Γβ 2
=−
,
dm
Mej + m [2γ̂Γ − (γ̂ − 1) (1 + Γ−2 )]

(2.10)

where Γ is the Lorentz factor of the jet, Mej is the initial mass of the jet ejecta, m is
the total mass that has been swept up by the jet, β = (1 − Γ−2 )

1/2

in the normalized

bulk velocity, and γ̂ is the adiabatic index (Pe’er, 2012).
The high resolution of our simulations (10−4 pc) allows us to take the density to
be constant across each mesh zone. The total mass swept up by the jet by the time
it reaches grid point n is then approximately

!
n
X

4
3
M(r) = π ρ1 r13 +
ρi ri3 − ri−1
,
3
i=2

(2.11)

where ri and ρi are the radius and density of the ith grid point, respectively. The time
tobs at which a photon emitted at the shock boundary reaches an observer along the
line of sight can be calculated by integrating equation 12 from Huang et al. (1999):

1
t=
c

Z

dr
√

βΓ Γ + Γ2 − 1

(2.12)

where β = v/c is the jet velocity and c is the speed of light.
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Many GRBs are thought to produce collimated jets rather than isotropic outflows.
The center of a relativistic jet of half-opening angle θj is not in causal contact with
its edge until tobs = tjet , which is defined as the time where Γ ≃ 1/θj . The jet evolves
in an identical manner as in the isotropic case until tobs = tjet , at which point the jet
experiences rapid lateral expansion. The increase in external mass being swept up by
the jet after tobs = tjet causes the jet to decelerate at an increasing rate. Additionally,
the afterglow’s decreasing luminosity is no longer being partially offset by an increase
in the size of the emitting region as seen by the observer, leading to a break in the
light curve. The overall evolution of the jet’s angular size is

√

c′s Γ + Γ2 − 1
dθj
=
,
dt
r

(2.13)

where c′s is the comoving sound speed and r is the radius of the jet (Huang et al.,
2000).

2.4.2

The Injection Break

If we assume that a constant fraction ǫB of the total fireball energy is stored in
magnetic fields, then the equipartition magnetic field strength at the shock boundary
is approximately (i. e. Panaitescu & Kumar, 2000):



B ′2
3
2
,
= 4ǫB mp c n(r)(Γ − 1) Γ +
8π
4

(2.14)

where mp is the proton mass and n(r) is the shock number density at radius r.
The electrons that are injected into the shock are assumed to have a velocity
distribution N(γ) ∝ γ −p with a minimum Lorentz factor γm . Electrons with a
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Lorentz factor γe emit synchrotron radiation at a characteristic frequency (Rybicki
& Lightman, 1979):

ν(γe ) = Γγe2

qe B
.
2πme c

(2.15)

The injection break, νm , corresponds to the characteristic frequency at which the
electrons having the minimum Lorentz factor radiate. The minimum Lorentz factor
is (Sari et al., 1998)

γm =



p−2
p−1



mp
ǫe (Γ − 1) + 1,
me

(2.16)

where me is the electron mass.

2.4.3

The Cooling Break

Relativistic electrons in the shock cool radiatively through inverse Compton (IC)
scattering and synchrotron emission on a co-moving frame timescale

t′syn (γ) =

6π
me c
,
Y + 1 σe γB ′2

(2.17)

where Y is the Compton parameter and σe is the Thompson scattering cross section
(Panaitescu & Kumar, 2000). An electron with Lorentz factor γc cools radiatively
on a timescale equal to the current age of the remnant. Solving Eqn. 2.17 for γc ,
we find that the Lorentz factor for electrons that cool on a timescale equal to the
observer-frame age of the remnant is
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γc =

6πme c2
.
B ′2 σe (Y + 1)t′

(2.18)

Fast-Cooling Electrons
Electrons in the GRB jet can cool by adiabatic expansion of the gas or by emission
of radiation. When the cooling timescale for electrons with Lorentz factor γm is less
than the age of the jet (νc < νm , where νc is the frequency of the cooling break)
the electrons in the jet lose a significant portion of their energy through emission
of radiation and are said to be radiative, or fast-cooling. Conversely, if the cooling
timescale is greater than the age of the jet (νc > νm ) the electrons do not lose
significant energy to radiation and are said to be adiabatic, or slow-cooling.
To calculate the Compton parameter, Y , we only account for one upscattering of
the synchrotron photons. If the injected electrons are fast-cooling and the frequency
of the absorption break νa < min(νm , νc ), then Y can be approximated by Panaitescu
& Mészáros (2000):

Yr = γm γc τe ,

(2.19)

where a constant of order unity has been ignored and τe is the optical depth to
electron scattering, given by

τe′ =

σe M(r)
.
4πmp r ′2

(2.20)

The medium becomes optically thick to synchrotron self-absorption at the absorption
break frequency νa . When both the injection break and the cooling break lie in the
optically thick regime, Y becomes
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7(p−1)
Yr = Y∗ = τe′ C22−p γc7 γm

1/(p+5)

,

(2.21)

where C2 ≡ 5qe τe′ /σe B ′ (Panaitescu & Mészáros, 2000).
Slow-Cooling Electrons
If the electrons are slow-cooling, then Y becomes

Ya = τe′ γip−1 γc3−p ,

(2.22)

as long as νa < min(νm , νc ) (Panaitescu & Mészáros, 2000) and 1 < p < 3. Once
again we have ignored a constant of order unity. If both the injection and cooling
breaks lie in the part of the spectrum that is optically thick to synchrotron selfabsorption, then Y is identical to the corresponding fast-cooling case and

Ya = Y∗ .

2.4.4

(2.23)

The Absorption Break

At lower frequencies, the medium through which the jet propagates becomes optically
thick to synchrotron self-absorption. The result is a transition to a Fν ∝ ν 2 drop-off
in the flux at some absorption break frequency νa where the optical depth to selfabsorption is τab = 1. The frequency of the absorption break depends on the electron
cooling regime (fast or slow) and on the order and values of both the injection and
cooling breaks. In the fast-cooling regime, Panaitescu & Mészáros (2000) find that
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νa,′ fast-cooling


3/10 −1/2


C2 γ c ,
γa < γc < γm



= (C2 γc )1/6 ,
γc < γa < γm




(C γ γ p−1 )1/(p+5) , γ < γ < γ ,
2 c m
c
m
a

(2.24)

whereas in the case where the electrons are slow-cooling

νa,′ slow-cooling

2.4.5


3/10 −1/2


C2 γ m ,
γa < γm < γc



p−1 1/(p−4)
= (C2 γm
)
,
γm < γa < γc




(C γ p−1 γ )1/(p+5) , γ < γ < γ .
c
m
c
a
2 m

(2.25)

Light Curves

In order to produce light curves, we must first find the time dependence of Γ(r), n(r),
and M(r). Equation 2.10 can be solved numerically for Γ(r), and equation 2.12 can
then be used to relate the observer time tobs to the jet position r, allowing us to
rewrite the equations defining the three break frequencies in terms of tobs , Γ(tobs ),
n(tobs ), and M(tobs ). Given the three break frequencies and the peak flux density,
analytical light curves can then be calculated that are valid from the radio to the
max
γ-ray regions of the spectrum. If νa < min(νm , νc ), then the peak flux density Fν,⊕

occurs at the injection break if νm < νc and at the cooling break if νm > νc :

max
Fν,⊕

=

√

2
ΓB ′ M(r)
3φp qe3 βm
,
4πD 2 me c2
mp

(2.26)

where φp is a factor calculated by Wijers & Galama (1999) that depends on the value
p
−2 is the velocity of the injected electrons in units of the speed
of p, βm = 1 − γm
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of light, and D = (1 + z)−1/2 Dl , where Dl is the luminosity distance to the source
(Panaitescu & Kumar, 2000). The flux at any frequency ν (ignoring relativistic
beaming and the spherical nature of the emitting region) has been derived by Sari
et al. (1998) and Panaitescu & Kumar (2000).

Fast-Cooling Electrons
When the electrons are in the fast-cooling regime, the peak flux density occurs at
the cooling break as long as νa < νc :




(ν/νa )2 (νa /νc )1/3 ,






(ν/νc )1/3 ,
max

Fν,⊕ = Fν,⊕

ν < νa
νa < ν < νc

(2.27)



(ν/νc )−1/2 ,
νc < ν < νm






(ν/νm )−p/2 (νm /νc )−1/2 , νm < ν.

If the medium is optically thick to synchrotron self-absorption at the cooling break
frequency, then the maximum flux moves to the absorption break frequency. Between
the absorption break and the cooling break, Fν ∝ ν 5/2 but it becomes ∝ ν 2 below
the cooling break:




(ν/νc )2 (νc /νa )5/2 ,






(ν/νa )5/2 ,
max

Fν,⊕ = Fν,⊕

ν < νc
νc < ν < νa

(2.28)



(ν/νa )−1/2 ,
νa < ν < νm






(ν/νm )−p/2 (νm /νa )−1/2 , νm < ν.

In the canonical afterglow models that assume a uniform density environment,
the cooling break and the injection break move to lower frequencies with time. Even-
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tually, both the cooling break and the injection break can lie below the absorption
break, but far too late in the evolution of the burst to be relevant to anything but
the radio afterglow, and long after the time at which the electrons in the jet have
transitioned to the slow-cooling regime. In our more realistic density profile models, the extremely high density encountered by the jet as it passes through the thick
shell causes it to abruptly transition from highly relativistic to Newtonian expansion.
The decrease in Γ leads to a sharp drop in the injection break frequency, while the
increased medium density leads to a larger magnetic field strength, which in turn
causes a drop in the cooling break frequency. The result is that the absorption break
frequency can be several orders of magnitude higher than the cooling and injection
break frequencies as the jet traverses the thick shell. Multiple transitions between
fast and slow electron cooling can also occur. In the vicinity of the thick shell, when
νa > νm and the electrons are in the fast-cooling regime:

Fν,⊕




(ν/νc )2 (νc /νa )5/2 , ν < νc



max
= Fν,⊕
(ν/νa )5/2 ,
νc < ν < νa




(ν/ν )−p/2 ,
νm < ν.
a

(2.29)

Slow-Cooling Electrons

Our models yield the same flux as the canonical wind models until the jet encounters
the shocked wind that has piled up behind the thick ejecta shell. If it does not
encounter the shocked wind in the first few hours, the electrons in the shock transition
to the slow-cooling regime, with νa ≪ νm and
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(ν/νa )2 (νa /νm )1/3 ,






(ν/νm )1/3 ,
max

Fν,⊕ = Fν,⊕

ν < νa
νa < ν < νm

(2.30)



(ν/νm )−(p−1)/2 ,
νm < ν < νc






(ν/νc )−p/2 (νc /νm )−(p−1)/2 , νc < ν.

In the case where νm < νa < νc ,




(ν/νm )2 (νm /νa )5/2 ,






(ν/νa )5/2 ,
max

Fν,⊕ = Fν,⊕

ν < νa
νa < ν < νm

(2.31)



(ν/νa )−(p−1)/2 ,
νm < ν < νc






(ν/νc )−p/2 (νc /νa )−(p−1)/2 , νc < ν.

As noted earlier, as the jet passes through the thick shell, it can experience
multiple transitions between fast and slow electron cooling. When the electrons are
in the slow-cooling regime and νa > νc ,

Fν,⊕

2.4.6



2
5/2

(ν/νm ) (νm /νa ) , ν < νm


max
= Fν,⊕
(ν/νa )5/2 ,
νm < ν < νa




(ν/ν )−p/2 ,
νa < ν.
a

(2.32)

Spherical Emission and Beaming

The spherical nature of GRB afterglow emission can substantially alter the observed
light curve (Fenimore et al., 1996). The burst ejecta is initially ultra-relativistic, with
100 . Γ . 1000, meaning that radiation that is emitted by jet material travelling
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Figure 2.3: Light curves and break frequencies for a GRB in a dense shell. Panel
(a): densities encountered by the jet over time; panel (b): synchrotron light curves;
panel (c): break frequencies. Region V, a second region of unshocked wind, is not
shown here because the fast detached wind has exited the grid.

along the observer’s line of sight will be beamed toward the observer more than
radiation that is emitted by jet material that is not moving directly toward the
observer. There will also be a delay in the arrival time of photons that are emitted
from regions of the jet that lie away from the observer’s line of sight, since these
regions are further away from the observer (Fenimore et al., 1996). The overall effect
will be to increase the total observed flux at early times, and to make the light curve
broader and more smooth.
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2.4.7

Imprint of Dense Shells on GRB light curves

The shell and wind enclosing the GRB can be partitioned into four distinct regions,
which we show in Fig. 2.3a for a progenitor with a 0.1 M⊙ shell ejected 100 yr before
the burst and mass loss rates of 10−6 M⊙ /yr before and after the ejection of the shell.
A fifth region, not shown in Fig. 2.3, also exists, but is located at such large radii at
the time of the GRB that the jet does not encounter it until very late times. Even
so, this region is discussed below for completeness. We now examine the imprint of
each region on the GRB light curves and break frequencies, which we show in Figures
2.3b and 2.3c. Unless otherwise specified, all times and durations are given in the
frame of an Earthbound observer.

Region I – Unshocked Wind
Region I is the unshocked wind blown by the progenitor after the ejection of the shell
and prior to the burst. Not surprisingly, the light curve in this region is what would
be expected for a ρ(r) ∝ r −2 wind profile (Fig. 2.3b). The jet electrons are initially
in the fast cooling regime, and the absorption break frequency is generally higher
than the cooling break frequency for the first few seconds, as is evident in Fig. 2.3c.

Region II – Shocked Wind
Region II is the shocked wind that has piled up behind the shell, where the density
jumps by about an order of magnitude and transitions from an r −2 density profile
to a nearly flat one (Fig. 2.3a). Although the increased density has little effect on
the injection break frequency, both the cooling break and the absorption break each
change abruptly by approximately an order of magnitude (Fig. 2.3c). There is a
moderate change in the flux at all frequencies, though the magnitude of the change
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at each frequency and whether it is an increase or a decrease depends upon the values
of the break frequencies. Because region II’s imprint on the light curve is modest at
best even when the emitting region’s spherical nature is ignored, it is likely that the
inclusion of spherical emission would eliminate the imprint entirely. This is because
the jet is still highly relativistic when it enters region II, and the observer does not
see the radiation that is emitted when the jet enters region II all at once. The result
is that the small bump in the light curve that occurs at the interface between regions
I and II would be smoothed out, and region II would have essentially no effect on
the light curve.
Depending on the progenitor’s mass-loss rate, the mass of the shell, and the delay
between the expulsion of the shell and the burst, the jet can arrive at this region
in several minutes in the limit of low mass-loss rates, high shell masses and short
delays between the shell ejection and the burst to a year in the limit of high loss
rates, low shell mass and long delays between the shell ejection and the burst. In
Fig. 2.4 we show how the time between shell ejection and the burst governs when
the jet reaches region II, and hence when the light curves and breaks would diverge
from those expected for r −2 wind profiles or uniform density fields. In Fig. 2.5a we
show how mass-loss rates and shell masses impact these arrival times.

Region III – Dense Shell
Region III is the dense shell ejected by the progenitor. The jet collides with it in
about an hour to several years after the burst, depending upon the progenitor’s wind
mass-loss rate, the mass of the shell, and the delay between shell ejection and the
burst (Figs. 2.4 & 2.5a). When the jet crosses into region III it abruptly becomes
non-relativistic because of the large density jump there, which can be up to ten orders
in magnitude (Fig. 2.5a). A series of reverse shock almost certainly form, which we
have neglected for simplicity.
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The transit time through the shell depends on its mass and the time between its
ejection and the burst. Massive shells decelerate the jet more than less massive ones,
increasing the time that the jet is within the shell. The time between the ejection
and burst governs the degree to which radiative cooling flattens the shell into a thin,
cold, dense structure, shortening the time the jet is inside the shell. Both factors
cause the crossing time to vary from as little as a day to as much as several hundred
days (Fig. 2.5a).
The shell leaves a clear imprint on the spectrum of the jet. Upon collision, there
is a sharp drop in the cooling and injection break frequencies and an increase in
the absorption break frequency. This causes an abrupt increase in the flux at all
frequencies (Fig. 2.5b). Inside the shell, the cooling break frequency rises and the
magnetic field strength falls as the jet decelerates, and the injection break evolves to
lower frequencies.
The delay in arrival time of photons emitted away from the observer’s line of sight
will certainly decrease the imprint of the circumstellar shell on the light curve. At
x-ray frequencies and higher, where the imprint of the shell is least dramatic, there
may be little if any increase in the flux at the time that the jet enters the shell, though
there should be a break in the light curve at the time that the jet enters the shell
where the flux will begin to decay at a slower rate. The jet becomes nonrelativistic
soon after it enters the circumstellar shell, greatly diminishing the importance of the
spherical nature of the emitting region. As the jet traverses the shell, the observed
flux must therefore approach the value that it would have if spherical emission was
max
ignored. The maximum flux Fν occurs at some frequency νshell
= min(νm , νc ) in the
max
circumstellar shell if νa < min(νm , νc ), and at νshell
= νa otherwise. The increase
max
in flux is largest for frequencies below νshell
, (Fig. 2.5), and the shell’s imprint on

the lightcurve is also consequently the largest. Even including the effect of spherical
max
emission, a significant rebrightening should still occur for frequencies below νshell
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(typically optical or infrared frequencies and below). While spherical emission will
have a strong effect on the lightcurve at the time that the jet enters the shell, it will
not significantly alter the light curve when the jet exits the shell because the jet is
non-relativistic. The abrupt drop in the flux that occurs when the jet exits the shell
should therefore remain clearly visible in the light curve at all frequencies.

Region IV – Low-Density Cavity
Region IV is the extremely low-density cavity created when the fast wind beyond
the shell detaches from and races ahead of it. The densities in this region are so low
(10−5 − 10−8 cm−3 , Fig. 2.5a) that the flux density drops at all wavelengths when
the jet exits the shell (Figs. 2.3b & 2.5b). By this stage, the jet has become nonrelativistic, and photons emitted away from the line of sight are no longer significantly
delayed with respect to those emitted by the portion of the jet that moves directly
toward the observer. The observer sees the entire leading edge of the jet reach
region IV at nearly the same time, resulting in an abrupt drop in the flux of several
orders of magnitude at all but radio wavelengths, where the drop is not quite as
large. Because the jet does not sweep up much material in this region, its magnetic
field strength and velocity taper off slowly. Consequently, the break frequencies are
roughly constant (Fig. 2.3b) with νm ≪ νa ≪ νc , and the spectrum is fairly constant
for tens to hundreds of days (Figs. 2.3b & 2.5b). The absorption break generally lies
below 1 GHz so the flux density becomes negligible for frequencies above the radio
band (Fig. 2.3b).

Region V – Detached Wind
Eventually, the jet crosses the rarefied region and catches up to the wind that preceded the ejection of the shell. The detached wind, region V, exhibits a sudden
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density jump of several orders of magnitude followed by an r −2 dropoff thereafter
(black plot of Fig. 2.3a). Consequently, another series of reverse shocks may form at
the interface between regions IV and V. We evolved the wind and the shell out to a
radius of 0.3 pc, and only when the burst occurs within 100 years of shell ejection
does the jet overtake the detached wind before it exits the grid. Our models predict
that the jet will not reach region V for at least several years after the burst, which
is why we do not show it in Fig. 2.3a.
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Figure 2.4: Density encountered by the jet as it passes through the shell as a function
of observer time tobs for shells ejected 100, 200, and 500 yr prior to the GRB (left to
right). Here, the progenitor had a mass loss rate of 10−6 M⊙ yr−1 and a hydrogen
shell of mass 0.1 M⊙ . These plots, and our calculations, implicitly include the slowing
of the jet in the dense shell.
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2.5

Discussion and Conclusions

Our calculations show that GRB light curves in dense shells exhibit clear departures
from those in canonical winds and uniform densities. These features can broadly
discriminate between classes of GRB collapse scenarios. Analytical models predict
that light curves for bursts in uniform or r −2 density profiles are piecewise power
law segments separated by breaks. In contrast, light curves for GRBs in dense
shells ejected by the progenitor (predicted for both single and binary He mergers)
initially follow those for simpler environments, but deviate from them in most cases
on timescales of a few hours to a few days. The first departure is a sudden change in
the flux of about an order of magnitude when the jet enters the shocked wind piled
up behind the dense shell. A second, much more significant departure occurs soon
thereafter when the jet collides with the dense shell.
The features discussed above are distinct signatures of a GRB in the dense shell
associated with some collapse scenarios. The GRB 091127 lightcurve may provide
evidence for a jet encountering a thick shell of material. Filgas et al. (2011) determined that the temporal evolution of the GRB 091127 cooling break frequency could
only be consistent with the standard fireball model if the GRB occured in an r 11
medium. Such a sharp increase in density with radius is easily produced in a wind
bubble environment at the trailing edge of the shell.
Our work also provides an alternative mechanism for the bright flares that are
sometimes seen in GRB lightcurves within the first few thousand seconds of the onset
of the afterglow emission. GRB 081029 produced a flare in the optical band that
began at ∼ 0.035 days, peaked at about 0.07 days after a total increase in brightness
of 1.1 magnitudes, and then slowly dimmed until ∼ 0.2 days (Nardini et al., 2011).
The structure and duration of the GRB 081029 optical flare is somewhat similar to
the feature in Fig. 2.3b that peaks at 0.3 days. A less-intense flare was observed in the
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GRB 071112C X-ray afterglow. The fact that no corresponding flare was detected in
the optical was used by Huang et al. (2012) to argue that different mechanisms were
responsible for the time evolution of the X-ray and optical afterglows. The simple
power law structure of the optical light curve was shown to be consistent with the
external shock model, whereas late injection and internal shocks inside the jet itself
were invoked to explain the excess X-ray emission. Our work shows that there can
be prominent, chromatic features in the light curves due solely to variations in the
circumburst medium. For example, Fig. 3b clearly illustrates that the structure of
the light curves vary with energy band, and that it is not necessary to invoke delayed
energy injection or other effects to account for these differences. A similar case is
that of the “giant” X-ray flare of GRB 050502B, wherein the photon count rate was
seen to increase by a factor of 500 at 345 ± 30s (Falcone et al., 2006). Like GRB
071112C, GRB 050502B was not observed to have an optical counterpart (Falcone
et al., 2006), which has been used as evidence of a late-injection event. Our models
can produce flares of comparable magnitude and duration, but can also explain the
broad plateau in the X-ray flux that lasts from the end of the flare up until about a
day after the burst. A GRB jet that encounters a thick shell of circumburst material
will produce a flare that will rapidly dim as the jet becomes nonrelativistic. The
flux then remains nearly constant until the jet emerges from the leading edge of the
roughly uniform-density shell and encounters a sharp drop in the medium density.
The unique imprint of dense shells on GRB light curves can be used to constrain
their properties. As shown in Fig. 2.5b, the afterglow flux is somewhat sensitive to
the ambient density out to ∼ a day for a shell ejected 500 yr before the GRB. The
light curve is also sensitive to the mass of the shell. The crossing time in a 0.1 M⊙
shell is a day or less, after which there is a sharp drop in the flux. On the other
hand, a 1.0 M⊙ shell has crossing times of tens to hundreds of days, which creates a
broad plateau in the light curve. The mass-loss rate of the progenitor and the time
at which the jet reaches the shell are also manifest in the gamma-ray light curve
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Figure 2.5: Density profiles (a) and gamma-ray light curves (b) (3 × 108 GHz, or 1.24
keV) for a GRB occurring 500 yr after ejection of the progenitor’s hydrogen shell.
Black: ṁw = 10−6 M⊙ yr−1 ; blue: ṁw = 10−5 M⊙ yr−1 ; red: ṁw = 10−4 M⊙ yr−1 .
Solid lines: 0.1 M⊙ shells; dotted lines: 1 M⊙ shells.

(Fig. 2.5b). These collectively constrain the mass of the shell and the properties of
the wind before and after the ejection.
It is difficult to distinguish exact GRB progenitors because many progenitors predict very similar mass ejections. The morphology and location of the dense shell at
the time of the burst are determined by three factors: the delay time between shell
ejection and the burst, the mass of the shell, and the wind mass-loss rate of the progenitor. In general, binary mass ejecta will be slower, but more massive, than stellar
eruptions. Timing alone of a flare, however, does not provide a unique constraint
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(the position of the shell is a function of its velocity and time between ejection and
collapse). However, some progenitors predict specific structures. The helium-merger
model, for example, predicts a massive shell very close to the exploding star. The first
possible evidence of such a progenitor may be the recent “Christmas” burst (Thöne
et al., 2011). With detailed models, we may be able to place velocity and mass
constraints on these shells. With such information, we will both be able to better
understand massive star evolution and constrain the progenitors of GRBs.
In our models we have adopted some approximations and neglected some effects
on our light curves. First, we neglect the spherical nature of the emitting region,
which, if included, would undoubtedly result in a modification of our light curves
(Fenimore et al., 1996). We have investigated this effect, and the dominant result is
that the light curve is broadened and becomes more smooth, decreasing the imprint
of the circumstellar shell. For the majority of the duration of the jet’s passage
through the shell, however, the jet is non-relativistic, which will tend to diminish the
effect. The shell’s imprint on the light curve, though lessened, remains detectable,
especially at frequencies where the imprint of the shell is largest when spherical
emission is ignored. Reverse shocks might form at the interfaces between regions
I and II, regions II and III, and regions IV and V, and could seriously affect the
flux of the burst (see i.e. Nakar & Granot, 2007) at those radii. Since magnetic
fields in GRB jets are not well understood, it is also a simplification to assume that
they are in equipartition. Finally, we present synchrotron light curves only. Inverse
Compton scattering may become important after the jet emerges from the dense
shell and could increase the flux at high frequencies and late times. Effects due to
the spherical nature of the emitting region, reverse shocks, and inverse Compton
emission are all addressed in §3.
That said, our semi-analytical method can broadly discriminate between progenitors of GRBs and compute approximate GRB light curves and light curves in general
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density fields. Consequently, it is applicable to many other GRB host environments
besides uniform media and winds. Our modelling of the circumburst environment
with the Zeus-MP code shows a wide departure from the canonical power law density
models, with sudden jumps in density of up to ten orders of magnitude that have
a measurable effect on the light curve. Efforts are now underway to model observational signatures and detection thresholds for Population III gamma-ray bursts in
primordial H II regions at z ∼ 20 (Whalen et al., 2004a; Kitayama et al., 2004a; Alvarez et al., 2006a; Abel et al., 2007a; Wise & Abel, 2008b) and both Pop II and Pop
III GRBs in primeval galaxies at z ∼ 10 (Wise et al., 2012) for potential successors
to Swift, such as the Joint Astrophysics Nascent Satellite (JANUS, Roming, 2008;
Burrows et al., 2010) and Lobster. Our method will be expanded upon in §3 to model
observational signatures and detection thresholds for Population II and Population
III gamma-ray bursts in primordial H II regions at z & 15.
Our method provides a means to obtain a qualitative understanding of gammaray burst light curves. For a more precise calculation, we must turn to computer
simulations. Both special-relativistic hydrodynamical simulations and particle-in-cell
(PIC) calculations of GRB jets in circumburst media are now under development, and
will soon reveal the light curves of these cosmological explosions in unprecedented
detail.
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Abstract:
Gamma-ray bursts (GRBs) may provide the first direct observational evidence of the primordial stars that populated the universe at redshifts of
z & 15. These cosmic explosions can shed light on the properties of their
progenitors as well as that of the circumburst medium. We have performed numerical simulations of realistic environments for a variety of
long-duration GRB progenitors with ZEUS-MP, and have applied a semianalytic method to calculating GRB light curves in these profiles. We
compare light curves produced by collapsars and binary merger events,
and find that GRBs produced via the collapse of a single massive star may
produce afterglows that are distinguishable from those produced by GRBs
that result from stellar mergers. We also find that Population (Pop) II
and Pop III GRB afterglows may be detectable at z ≥ 15 with current
and proposed instruments at X-ray, infrared, and radio frequencies.
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3.1

Introduction

Gamma-ray bursts (GRBs) are the ultimate cosmic lighthouses, capable of illuminating the universe at its earliest epochs. They have now been detected at z = 9.4 (GRB
090423; Cucchiara et al., 2011), z = 8.26 (GRB 090423; Salvaterra et al., 2009), and
z = 6.7 (GRB 080913; Greiner et al., 2009). Besides tracing star formation rates over
cosmic time (Totani, 1997; Wijers et al., 1998; Blain & Natarajan, 2000; Porciani
& Madau, 2001; Lloyd-Ronning et al., 2002; Hernquist & Springel, 2003; Mesinger
et al., 2005; Natarajan et al., 2005; Chary et al., 2007; Yüksel et al., 2008; Wang &
Dai, 2009, 2011; Elliott et al., 2012), GRBs can also constrain the metallicity and
reionization history of the early IGM (Ioka, 2003; Totani et al., 2006; Gallerani et al.,
2008; Wang et al., 2012), the dark energy equation of state (Dai et al., 2004; Wang
et al., 2011), and the properties of host galaxies (Barkana & Loeb, 2004; Toma et al.,
2011) (see also Bromm & Loeb, 2006a,b, for a concise discussion of GRB cosmology).
Could GRBs also probe the properties of the first stars and the environments
in which they form? Population III (Pop III) stars are key to early cosmological
reionization (Whalen et al., 2004b; Kitayama et al., 2004b; Alvarez et al., 2006b;
Abel et al., 2007b; Wise & Abel, 2008a) and chemical enrichment (Mackey et al.,
2003; Smith & Sigurdsson, 2007; Smith et al., 2009; Chiaki et al., 2013; Ritter et al.,
2012), the properties of primeval galaxies (Johnson et al., 2008; Greif et al., 2008;
Johnson et al., 2009) and the origins of supermassive black holes (Bromm & Loeb,
2003; Johnson & Bromm, 2007; Djorgovski et al., 2008; Milosavljević et al., 2009).
Although numerical models (Bromm et al., 1999; Abel et al., 2000; O’Shea & Norman,
2008; Yoshida et al., 2008) and the fossil abundance record (Cayrel et al., 2004;
Joggerst et al., 2010; Joggerst & Whalen, 2011; Cooke et al., 2011; Ren et al., 2012)
both suggest that Pop III stars are 30 - 500 M⊙ , there are, as yet, no observational
constraints on their masses.
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Pop III supernovae (SNe) may soon reveal the properties of the first stars because
they can be detected at high redshifts and their masses can be inferred from their
light curves (Whalen et al., 2008c, 2012a,b, 2013a,b; Johnson et al., 2013; Whalen
et al., 2013c; de Souza et al., 2013). Pop III GRBs in particular can provide complementary measures of the masses of the first stars and their host environments.
For example, the GRBs of very massive (& 500 M⊙ ) Pop III stars can be easily
distinguished from those of less massive stars (Suwa & Ioka, 2011; Nagakura et al.,
2012). The environment of the burst can imprint specific features on its afterglow
that are a diagnostic of the conditions in which the star is born (e.g., Whalen et al.,
2008b). Specific GRB pathways such as single collapsars or binary mergers also
create distinct circumstellar profiles whose properties can be extracted from the afterglow. Detections of such events can reveal the relative numbers of solitary Pop
III stars and binaries (e.g. Turk et al., 2009). When compared to the number of
pair-instability (PI) SNe, GRBs can provide yet another measure of the Pop III IMF
and the evolution of stellar populations over cosmic time.
It has been shown that gamma rays from long duration GRBs are detectable by
Swift (Gehrels et al., 2004) out to z & 100 (Lamb & Reichart, 2000; Mészáros &
Rees, 2010) and analytical models suggest that their afterglows, which are required
to pinpoint their redshift, may be visible at z ∼ 15 - 30 (Ciardi & Loeb, 2000; Gou
et al., 2004; Ioka & Mészáros, 2005; de Souza et al., 2011). But these studies either
had less complete afterglow physics or did not consider density envelopes for the
burst that are consistent with those expected for Pop II/III GRB progenitors. Both
can greatly affect the luminosity of the GRB and thus the redshift at which it can
be detected. The latest work has focused on very energetic bursts (1055 - 1057 erg;
Suwa & Ioka, 2011; Nagakura et al., 2012) that have been rendered less likely by the
most recent crop of primordial star formation models (and there is some question as
to whether the proto-black holes of such stars have the energy densities needed to
launch GRB jets, given their large radii; Fryer et al., 2001; Fryer & Heger, 2011).
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Other studies have focused on detection campaigns for high redshift GRBs in the
radio, where they may not be most easily detected (de Souza et al., 2011).
To obtain better detection limits for Pop II/III GRBs in redshift and more realistic light curves for their afterglows in the infrared, x-rays, and radio, and to devise
observational campaigns for their detection, we have modeled Pop III GRBs for a
variety of progenitors and likely circumstellar media. We also examine whether or
not the environment of the burst, and thus the properties of its progenitor, can be
elucidated from the afterglow. Our simulations span the usual energies for both
merger and single-star events and our afterglow model produces light curves for relativistic jets in any density profile, not just the uniform media, winds, and simple
jumps of earlier studies. In §3.2 we review probable pathways for Pop II/III GRBs.
We discuss our afterglow model and grid of simulations in §3.3. In §3.4 we present
x-ray, radio, and infrared light curves for Pop II/III GRBs for a range of redshifts,
energies and ambient media and examine detection strategies for these events. We
conclude in §3.5.

3.2

Pop II/III GRB Progenitor Types

Long-duration GRBs have been shown to be connected to the deaths of massive stars
(Stanek et al., 2003; Hjorth et al., 2003) and to Type Ib/c supernovae in particular,
whose progenitors have lost their hydrogen envelopes (Woosley & Bloom, 2006b).
The leading contender for the central engines of long duration GRBs is the collapsar
model (Woosley, 1993b; MacFadyen et al., 2001), in which the core of a massive
star collapses to a black hole accretion disk system that drives a relativistic jet out
through the upper layers of the star and into the surrounding medium. Besides the
ejection of the hydrogen envelope, which is usually necessary for the jet to break out
of the star, collapsars require stellar cores with unusually high angular momenta. In
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principle, any star that creates a black hole can make a GRB (up to 100 M⊙ , above
which the star is thought to die via the PI; Heger & Woosley, 2002). However, given
the steep decline in the stellar IMF in galaxies today, most GRB progenitors are
thought to be 40 - 60 M⊙ .
Two primary channels have been proposed for GRBs. In the first, a single rapidly
rotating star sheds its outer envelope in some type of outburst, like a luminous blue
variable (LBV) ejection (e.g., Baraffe et al., 2001), a Wolf-Rayet (WR) phase, or a
pair pulsational instability (Heger & Woosley, 2002; Woosley et al., 2007). In the
second, the GRB progenitor is in a binary when it becomes a red giant. The two
stars enter a common envelope phase in which the second star is engulfed by the first
and slowly spirals into its center, ejecting its outer envelope and spinning up its core
in an exchange of angular momentum.
About a dozen pathways have been proposed in which a tightly-coupled binary
system can collapse to form a black hole accretion disk that powers a GRB (See
§1.2.5 for an in-depth discussion of the various proposed binary system progenitors),
but they generally fall into two categories. In the first, the binary companion is
another star (Fryer et al., 1999c, 2007d) and in the second it is a BH or neutron star
(so-called He mergers; Fryer & Woosley, 1998b; Zhang & Fryer, 2001b). The key
difference between the two is the time between the ejection of the envelope and the
GRB. In the first, the H layer can be ejected as a dense shell up to several hundred
kyr before the death of the star and have a radius of several pc at the time of the
burst. In the second, a slower, more massive shell is ejected only a few years before
the orbit of the black hole decays into the center of the star and forms an accretion
disk. The shell may only be 1 - 2 AU in radius at the time of the burst.
The latest simulations suggest that Pop III GRBs may be more frequent than
previously thought. The discovery that fragmentation (Stacy et al., 2010; Clark
et al., 2011; Greif et al., 2011; Smith et al., 2011; Greif et al., 2012) and UV breakout
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(Hosokawa et al., 2011, 2012; Stacy et al., 2012a) in primordial halos limits the
masses of some Pop III stars to . 50 M⊙ implies that more of them fall into the
mass range for GRB progenitors than previously thought (see Glover, 2012; Whalen,
2012, for recent reviews on Pop III stars). It is also now known that Pop III stars can
die as compact blue giants that are susceptible to outbursts or as red supergiants
that can enter a common envelope phase, depending on the degree of convective
mixing (Whalen et al., 2012b) or rotational mixing (Yoon & Langer, 2005b; Yoon
et al., 2006b; Ekström et al., 2008; Yoon et al., 2012) over the life of the star. The
fact that some Pop III stars form in binaries and small multiples also increases the
chances that some of them enter a common envelope phase, a crucial ingredient for
most collapsar scenarios. Finally, if many Pop III stars form with rotation rates that
approach the breakup limit, as Stacy et al. (2011, 2012b) suggest, more GRBs may
have occurred relative to the number of massive stars at very high redshifts than
today (although studies have shown that even at the critical velocity the cores of
massive stars must often be spun up to even higher rates by a common envelope
phase to become collapsars; Fryer & Heger, 2005b).

3.2.1

Environments of Pop III GRBs

Because Pop III stars are very massive, they usually ionize the halos that gave birth
to them, creating HII regions 2.5 - 5 kpc in radius and driving all the gas from
the halo in shocked flows on timescales of ∼ 2 Myr (e.g., Whalen et al., 2004b). In

Fig. 3.1 we show such an HII region for a 100 M⊙ star in an 8.0 × 105 M⊙ halo at z =
16.8 simulated with the Enzo code (O’Shea et al., 2004). These flows create uniform
density profiles with n ∼ 0.1 - 1 cm−3 that extend 50 - 100 pc from the star, as shown
in Fig. 3.2. Densities are relatively flat in the interior of the HII region because of
the isothermal equation of state of the ionized gas P = ciso 2 ρ, where ciso is the sound
speed of the ionized gas. Density ripples would create pressure gradients that drive
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Figure 3.1: The environments of Pop III star formation and gamma-ray bursts.
Left: temperature image of an 8.0 × 105 M⊙ primordial halo at z = 16.8. Right:
temperature image of the HII region of a 100M⊙ Pop III star in the halo 2 Myr later.
The image size is 4 kpc on a side.

acoustic waves that smooth out irregularities in the gas on timescales that are short
in comparison to HII region expansion times. For this reason and because Pop III
stars are not thought to drive strong winds because they lack metals (Kudritzki,
2000; Vink et al., 2001; Baraffe et al., 2001; Ekström et al., 2008), previous studies
have taken the GRB jet to propagate into diffuse uniform HII region densities. In
the past, with less detailed observations, such profiles have yielded afterglow light
curves that are in reasonable agreement with those of GRBs in the local universe.
In reality, the ejection of the envelope and the fast winds that accompany most
GRBs reset the environment in the vicinity of the star. This holds true even for Pop
III stars because the ejection of the envelope is driven by kinematics, not metallicity,
and because the He core still blows a wind because rotational and convective mixing
enrich the core with metals. If the progenitor is a single star with an LBV outburst,
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the envelope should be a fast wind that propels a slow shell into the HII region.
The radius of the shell, and whether or not it should appear in the circumburst
profile, is determined by the time from the outburst to the GRB. Collimated flows
can complicate this picture: if less mass is blown along the axis of the star (and
hence the jet) than its equator, the density along the axis will be intermediate to
those of the HII region and the shell. Typical LBV outbursts expel 1 - 10 M⊙ shells.
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Figure 3.2: Spherically-averaged baryon density profiles for the evolving HII region
of the 100 M⊙ Pop III star in Fig. 3.1. Shocked ionized core flows pile most of the
baryons in the halo into a dense shell of radius ∼ 100 pc by the end of the life of the
star. Note that a second, smaller halo that is about to merge with the halo hosting
the star is visible as the density bump at ∼ 10 pc at t = 0, the time that the star is
switched on.

If the GRB is instead created by a merger in which the companion is a star, the
envelope should be approximately a simple power-law wind profile (in the case of an
isotropic stellar wind outflow), since in most cases the shell will be driven beyond the
reach of the jet by the time of the burst. If the companion is a black hole or neutron
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star, then the shell will be much closer to the progenitor at the time of the burst.
Indeed, population synthesis models predict the average radius of a shell expelled by
a He merger to be 1 - 2 AU (see Fig. 11 of Fryer et al., 2013, for Z = 0.1 Z⊙ stars).
However, the bulk of the envelope tends to be ejected along the equatorial plane of
the progenitor in such events and so the density profile can again be intermediate
to that of the original HII region and a fast wind pushing a massive shell (see, e.g.,
Fig. 6 of Passy et al., 2012). We note that the jet can encounter clumps even if little
of the envelope is expelled along the axis of the burst because violent instabilities
can erupt in the ionization front of the star (Whalen & Norman, 2008b,d). These
radiation hydrodynamical features can form dense fragments in the vicinity of the
star at the time of its death.

3.3

Pop II/III GRB Models

From our discussion above, it is clear that the envelopes of Pop II/III GRBs fall into
four fiducial density profiles:

1. the power-law density profile of a fast wind in which the shell has been driven
beyond the reach of the GRB jet:

ρw (r) =

ṁ
,
4πr 2vw

(3.1)

where ṁ is the mass loss rate of the wind and vw is its speed. This profile
corresponds to most binary mergers between two stars.
2. a fast wind driving a massive shell into a Pop II/III HII region, where the shell
is at ∼ 0.1 pc at the time of the burst. This profile corresponds to either a
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single collapsar or to the relatively few mergers between two stars that place a
shell within the range of the jet at the time of the burst.

3. a fast wind piling into a massive shell in an HII region in which the shell is at
1 - 2 AU at the time of the burst. This profile corresponds to a He merger.

4. a diffuse uniform HII region profile that a jet might encounter along certain lines
of sight, such as in a toroidal mass ejection. This envelope is also appropriate
for the much more massive and energetic GRBs considered by Suwa & Ioka
(2011) and Nagakura et al. (2012) in which the star collapses without ejecting
a shell.

We therefore consider three simple winds with ṁ = 10−4 , 10−5 and 10−6 M⊙
yr−1 , a wind behind a 5 M⊙ shell at ∼ 0.1 pc in 3 HII region densities (0.1, 1.0 and

10 cm−3 ), a wind and a 5 M⊙ He merger shell at ∼ 2 AU in the same 3 HII regions,

and just the 3 HII regions, a total of 12 envelopes. In all cases we take vw = 2000
km s−1 , vshell = 200 km s−1 , and the composition of the envelopes to be primordial,
76% H and 24% He by mass.
Much higher energies (Eiso,γ = 1055 - 1057 erg) are often invoked for Pop III GRBs
in part because the mass of the star, and hence the reservoir of gas that is available
to the central engine, is thought to be much greater than in stars today. Suwa &
Ioka (2011) and Nagakura et al. (2012) also find that such energies are required for
the jet to punch through the outer layers of very massive stars that do not shed
their hydrogen envelopes. We proceed under the assumption that the progenitors
of most Pop III GRB are similar to those today and consider the usual energies for
such events, 1051 , 1052 , and 1053 erg. There are thus a total of 36 models in our
simulation campaign.
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Figure 3.3: Circumburst profiles in our Pop III GRB survey. Left: density profiles for
a 5 M⊙ shell ejected by a He merger at 1.5 AU (black). Also included are the three
simple power-law winds (red: 10−4 M⊙ yr−1 ; blue: 10−5 M⊙ yr−1 ; green: 10−6 M⊙
yr−1 ) and the three uniform HII regions (violet: 10 cm−3 ; cyan: 1.0 cm−1 ; brown:
0.1 cm−3 ). Right: density profile of a 1 M⊙ shell at ∼ 1 pc ejected in a binary merger
2000 yr prior to the burst.

3.3.1

ZEUS-MP Outburst Models

We calculate density profiles for outbursts in Pop II/III HII regions with ZEUSMP (Whalen & Norman, 2006a) in the same manner as Mesler et al. (2012b). To
model shell ejections we treat stellar winds and outbursts as time-dependent inflows
at the inner boundary of a one-dimensional (1D) spherical grid with 32,000 zones.
The mesh extends from 3.084 × 1010 cm to 9.252 × 1014 cm (∼ 60 AU) for He

merger simulations and from 10−5 pc to 1.0 pc for other mergers. We impose outflow

conditions on the outer boundary, and inflows are imposed at the inner boundary in
the form of a time-varying density and velocity:
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ρ =

ṁ
,
4πrib 2 vw

(3.2)

where rib is the radius at the inner boundary and vw is the wind velocity. Outbursts are generated by increasing ṁ and lowering vw . At the beginning of a run
the grid is initialized with one of the three HII region densities. The grid is domain
decomposed into 8 tiles, with 4000 zones per tile and one tile per processor.
Radiative cooling can flatten shells into cold, dense structures that radically alter
the evolution of the GRB jet. Although there are no metals or dust in our primordial
ejections the shell can still cool by x-ray emission and H and He lines in the shocked
gas. Our ZEUS-MP models include collisional excitation and ionization cooling by
H and He, recombinational cooling, H2 cooling, and bremsstrahlung cooling, with
our nonequilibrium H and He reaction network providing the species mass fractions
−
(H, H+ , He, He+ , He2+ , H− , H+
2 , H2 , and e ) needed to calculate these collisional

cooling processes. The hydrodynamics in our models is always evolved on the lesser
of the cooling and Courant times to capture the effect of cooling on the structure of
the flow. We neglect the effect of ionizing radiation from the progenitor on winds
and shells. This treatment is approximate, given that the star illuminates the flow
and that its luminosity evolves over time. However, the energy deposited in the flow
by ionizations is small in comparison to its bulk kinetic energy and is unlikely to
alter its properties in the vicinity of the burst.
We show density profiles for He mergers and binary mergers in Fig. 3.3. An
important difference between these shells and those of (Mesler et al., 2012b) is that
a fast wind does not precede the ejection of the envelope and later detach from
its outer surface to create a very low-density rarefaction zone ahead of the shell.
The outburst instead plows up the much higher density HII region, forming a shock
that soon detaches from its outer surface as shown in Fig. 3.3. Note that there is
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significant evolution in the circumstellar shell structure over time. Radiative cooling
inverts the density profile inside the shell at late times and creates a much larger
density jump at the interface between the shell and the termination shock due to the
wind that piles up at its inner surface. These structural differences, together with
the distance of the shell from the explosion, have important consequences for GRB
light curves as we discuss below.

3.3.2

Afterglow Model

We use a semi-analytic method valid in both the relativistic and non-relativistic
regimes to model afterglow light curves for population II/III GRBs ocurring in circumstellar shells. The model builds upon the method which was derived in §2.4.
Modifications to the model were made to incorporate reverse shocks, contact discontinuities, radiative jets, spherical emission and beaming, and inverse Compton
scattering. Primed quantities refer to the reference frame which is comoving with
the GRB jet, while unprimed quantities refer to the reference frame where the ISM
is at rest.
Electrons in the circumburst medium are assumed to follow a power-law distribution in energies above some minimum Lorentz factor γmin:

N (γ) ∝ γ −p , γ > γmin

(3.3)

where γ is the Lorentz factor of the electron and p is the electron power law index.
The GRB jet is modelled as uniform with an initial half-opening angle θ0 and initial
Lorentz factor Γ0 . Energy conservation requirements yield a formula for the evolution
of the jet as it propagates through the external medium:

64

Chapter 3. Population II/III Gamma-Ray Bursts

dΓ
γ̂ (Γ2 − 1) − (γ̂ − 1) Γβ 2
=−
,
dm
Mej + ǫm + (1 − ǫ)m [2γ̂Γ − (γ̂ − 1) (1 + Γ−2 )]

(3.4)

where Γ is the Lorentz factor of the jet, Mej is the initial mass of the jet ejecta, m is
the total mass that has been swept up by the jet, β = (1 − Γ−2 )

1/2

in the normalized

bulk velocity, γ̂ ≃ (4Γ + 1)/(3Γ) is the adiabatic index (Huang et al., 2000), and ǫ
is the radiative efficiency. This expression is valid in the regime where the density
varies smoothly from grid point to grid point, but begins to break down in the limit
of abrupt, large scale changes in the density profile of the circumburst medium.
The model takes a 1-Dimensional circumburst medium density profile as an input.
The high resolution of our simulated density profiles (3 × 10−5 pc) allows us to treat
the density as constant across each grid point. The total mass swept up by the jet
by the time it reaches grid point n is then approximately

!
n
X

4
3
3
3
ρi ri − ri−1 ,
M(r) = π ρ1 r1 +
3
i=2

(3.5)

where ri and ρi are the radius and density of the ith grid point, respectively.
The radiative efficiency, ǫ, is given by (Dai et al., 1999)

t′ −1
syn
ǫ = ǫe ′ −1
,
t syn + t′ −1
exp

(3.6)

where ǫe is the fraction of the burst energy stored in the electrons, t′syn is the synchrotron cooling time scale of the injected electrons, and t′exp is the age of the remnant.
As the jet propagates toward the observer, it also expands laterally at the comoving sound speed
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c′s =

′

da
=
dt′

s

γ̂ (γ̂ − 1) (Γ − 1)
,
1 + γ̂ (Γ − 1)

(3.7)

where a is the radius of the leading surface of the jet. Transforming into the isotropic
frame, we get

1 da
da′
=
.
′
dt
Γ dt

(3.8)

Because the jet half-opening angle θj = arctan(a/r), the factor of 1/Γ in equation
3.8 leads to a nearly constant value of θj until the Lorentz factor approaches Γ = 1/θj ,
at which time the jet experiences rapid lateral expansion in the isotropic frame. It is
somewhat standard practice to use the approximation θj ≃ a/r, but this expression

is not valid at late times, when θj can be greater than 30◦ .

At the onset of the afterglow, the jet can be modelled as a slab of thickness
∆ = ctB , where c is the speed of light and tB is the isotropic frame burst duration.
As the jet propagates outward it expands in the radial direction at the comoving
sound speed. The isotropic frame jet thickness is related to the comoving frame
thickness by ∆ = ∆′ /Γ. For some differential comoving frame time δt′ , the evolution
of the jet thickness is δ∆ = c′s δt′ /Γ. The relationship between δt′ and δt is δt = Γδt′ .
Therefore, the isotropic frame jet thickness evolves as

c′
d∆
= s2
dt
Γ

(3.9)

66

Chapter 3. Population II/III Gamma-Ray Bursts

3.3.3

Density Jumps

If the initial GRB ejecta shell encounters an abrupt change in the circumburst
medium density, the self-similar expression for the evolution of the ejecta given by
Equation 3.4 no longer applies. When the ejecta shell encounters the density jump, a
contact discontinuity forms between the material that was swept up by the jet prior
to the encounter and the material that was swept up afterwards. A reverse shock
forms at the contact discontinuity and moves backward (in the frame of the jet)
into the jet material. A corresponding forward shock forms in the medium beyond
the density jump and propagates into that medium. The contact discontinuity also
propagates in the forward direction, albeit at a much reduced velocity, as initial jet
material plows into the new medium and pushes material from that new medium out
in front of it.
Although several analytic treatments exist for the evolution of the jet and its
component shocks in the vicinity of a density jump (Nakar & Granot, 2007; Dai &
Lu, 2002; Gat et al., 2013), these treatments all assume that the jet will be relativistic
upon its arrival at the density jump, which does not always hold true for our density
profiles. We will, therefore, have to use the general Blandford & McKee (1976) and
Taylor (1950) expression for the jump conditions in order to produce a self-consistent
model of GRB jet evolution in arbitrary circumburst media.
When the jet encounters a density jump, the medium surrounding the jump can
be divided into four distinct regions (Fig. 3.4). The first region, region I, consists
of the material that lies beyond the density jump that has not, as yet, been shocked
by the forward shock that has formed at the density jump, region II consists of the
material that has been shocked by the forward shock, region III consists of the jet
material that has been shocked by the reverse shock, and region IV consists of the
jet material that has not yet encountered the reverse shock. A contact discontinuity
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forms between regions II and III.

Figure 3.4: An illustration showing the interaction of a GRB jet with a density
jump. The medium surrounding the jump can be broken into four regions: region
I (green), consisting of the unshocked medium that lies beyond the density jump,
region II (red), which consists of material that has been shocked by the forwards
shock, region III (orange), which consists of jet material that has been shocked by
the reverse shocks, and region IV (yellow) which consists of unshocked jet material.
A contact discontinuity forms between regions II and III (blue line), preventing the
material in those two regions from mixing effectively. The colored arrows show the
direction of propagation of the fluids in the four regions in the frame of the contact
discontinuity. The height of each colored block represents the density of the medium
in that region (in arbitrary units).

For a relativistic or mildly-relativistic jet, expressions for the jump conditions
follow from the necessity for the shock-frame continuity of the energy (wγ 2β), momentum (wγ 2 β 2 + p), and particle number (nγβ) flux densities across the jump,
where w and p are the enthalpy and pressure of the gas, respectively, and γ and β
are the Lorentz factor and velocity of the gas particles themselves. The pressure of
the gas is

p = (γ̂ − 1) (e − ρ) ,

(3.10)

where γ̂ is the adiabatic index, e = γnmp c2 is the energy density of the gas and
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ρ = nmp c2 is the rest-frame gas density. The enthalpy w = e + p.
For any two adjacent regions 1 and 2 in the set of regions I-IV described above, the
jump conditions for relativistic and mildly-relativistic jets are (Blandford & McKee,
1976)

w1
e2
= γ2 ,
n2
n1

(3.11)

n2
γˆ2 γ2 + 1
=
,
n1
γˆ2 − 1

(3.12)

(γ2 + 1) [γˆ2 (γ2 − 1) + 1]2
Γ =
,
γˆ2 (2 − γˆ2 ) (γ2 − 1) + 2

(3.13)

and

2

where Γ is the Lorentz factor of the new forward shock. We have three known
quantities: the Lorentz factor of the jet when it encountered the density jump,
and the densities nI and nIV of regions I and IV, respectively. From those three
quantities and the requirement that the pressure and energy density must be equal
in regions II and III (due to the presence of a contact discontinuity between them)
we can determine the Lorentz factors of the forward shock, the reverse shock, and
the contact discontinuity from the three jump conditions.
Previous authors have assumed that the jet is relativistic when it encounters a
density jump. This is, in general, true for simplistic density profiles where one, or
perhaps a few, density jumps are present. In our much more complicated, and much
more realistic, density profiles, however, it is common for there to be upwards of
dozens of density jumps. If the jump scale factor a = n/n0 (where n0 and n are
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the densities of the medium before and after the jump, respectively) is positive,
then the final Lorentz factor of the new forward shock will be, in general, lower
than that of the initial shock. If the new forward shock encounters a second density
jump, then another forward shock will be produced with an even lower Lorentz
factor. It is therefore inevitable that we will encounter the case where a Newtonian
forward shock will encounter a density jump, in which case the Blandford-McKee
jump conditions will no longer be valid. Instead, we must turn to the Sedov-von
Neumann-Taylor solution for Newtonian fluids. A Newtonian fluid encountering a
density jump satisfies the following jump conditions (Taylor, 1950):

γ̂ − 1 + (γ̂ + 1) y1
ρ1
=
,
ρ0
γ̂ + 1 + (γ̂ − 1) y1

(3.14)

U2
1
=
[γ̂ − 1 + (γ̂ + 1) y1 ] ,
2
a
2γ̂

(3.15)

u1
2 (y1 − 1)
=
,
U
γ̂ − 1 + (γ̂ + 1) y1

(3.16)

and

where ρ0 and ρ1 are the densities right before and right after the density jump,
respectively, γ̂ = 5/3 is the adiabatic index, y1 = p1 /p0 , p0 and p1 are the pressures
behind and ahead of the jump, respectively, a is the sound speed, U is the velocity
of the forward shock, and u1 is the velocity of the fluid behind the forward shock.
It is possible to solve for the velocities of the forward and reverse shocks, as well
as of the contact discontinuity, by numerically solving the jump conditions if we are
given the velocity of the initial shock and the pressures of regions I and IV. Our
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Zeus-MP models provide us with the temperature of the external medium (region
IV) at each grid point, and the temperature of region I can be calculated by assuming
equipartition of thermal and kinetic energies within the jet. Given the temperature
of regions I and IV, it is a simple matter of applying the ideal gas law to determine
the pressure of the gas.
In §2.4, we developed a model that essentially ignores the presence of density
jumps. Instead, it uses the simple (and yet, surprisingly powerful) statement that
the evolution of the jet is dependent solely on the amount of mass that it sweeps
up. In such a model, the mass that is swept up by the jet instantaneously mixes
with previously swept-up material, leading to an instantaneous change in the Lorentz
factor across the entire jet. Realistically, an encounter with an external medium produces a reverse shock, which propagates backward through the jet. Until the reverse
shock passes a location in the jet, that location is not aware that any interaction has
taken place. The result is that any sharp feature in the light curve that might be
produced by an encounter will be somewhat smoothed out by a timescale equal to
the jet-crossing time of the reverse shock.

3.3.4

The Injection Break

If we assume that a constant fraction ǫB of the total fireball energy is stored in
magnetic fields, then the equipartition magnetic field strength at the shock boundary
is (i. e. Huang et al., 2000):

γ̂Γ + 1
B ′2
= ǫB
(Γ − 1) n(r)mp c2 ,
8π
γ̂ − 1

(3.17)

where ǫB is the fraction of the burst energy stored in magnetic fields, n(r) is the
shock number density at radius r, and mp is the proton mass.
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The electrons that are injected into the shock are assumed to have a velocity
distribution N(γ) ∝ γ −p with a minimum Lorentz factor γm . The minimum Lorentz
factor of the injected electrons is (Huang et al., 2000)

γm = ǫe (Γ − 1)

mp (p − 2)
+ 1,
me (p − 1)

(3.18)

where me is the electron mass. Electrons with a Lorentz factor γe emit synchrotron
radiation at a characteristic frequency (Rybicki & Lightman, 1979):

ν(γe ) =

where βe =

γe 3qe B
.,
1 − βe 4πme c

p

(3.19)

1 − γe−2 , and qe is the electron charge. The injection break frequency,

νm , corresponds to the peak emission frequency of the injected electrons, and can be
found by substituting γe = γm into Eqn. 3.19.

3.3.5

The Cooling Break

Relativistic electrons in the shock cool radiatively through inverse Compton (IC)
scattering and synchrotron emission on a co-moving frame time scale

t′rad (γ) =

t′syn
,
Y +1

(3.20)

where Y is the Compton parameter. The synchrotron cooling time scale t′syn of an
electron is equal to the ratio between the electron energy E and the synchrotron
power P that it radiates:
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t′syn =

E
1 6πme c
=
,
P
γe βe2 σT B ′2

(3.21)

where σT is the Thompson cross section for the scattering of electrons. See Appendix
A for the derivation of Equation 3.21.

3.3.6

Light Curves

In order to produce light curves, we must first find the time dependence of Γ(r),
n(r), and M(r). Equation 3.4 can be solved numerically for Γ(r), and equation 2.12
can then be used to relate the observer time tobs to the jet position r, allowing us to
rewrite the equations defining the three break frequencies in terms of tobs , Γ(tobs ),
n(tobs ), and M(tobs ). Given the three break frequencies and the peak flux density,
analytical light curves can then be calculated that are valid from the radio to the
max
γ-ray regions of the spectrum. If νa < min(νm , νc ), then the peak flux density Fν,⊕

occurs at the injection break if νm < νc and at the cooling break if νm > νc :

max
Fν,⊕

=

√

2
3φp qe3 βm
ΓB ′ M(r)
,
4πD 2 me c2
mp

(3.22)

where φp is a factor calculated by Wijers & Galama (1999) that depends on the
value of p, and D = (1 + z)−1/2 Dl , where Dl is the luminosity distance to the source
(Panaitescu & Kumar, 2000). See Appendix A for the derivation of Equation 3.22.
The flux at any frequency ν (ignoring relativistic beaming and the spherical nature of
the emitting region) has been derived by Sari et al. (1998) and Panaitescu & Kumar
(2000) (see §2.4.5).
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3.3.7

Inverse Compton Scattering

Low-frequency radiation can be boosted to higher energies in the presence of relativistic electrons through the process of inverse Compton (IC) scattering. The
contribution to the light curve at any frequency ν can easily be determined using the
expressions for the synchrotron light curve at the IC frequency

νIC =

Γ2

ν
.
(1 + β 2 )

(3.23)

The IC flux density at frequency ν is then

Fν, IC = τe FνIC , syn ,

(3.24)

where FνIC , syn is the synchrotron flux density at frequency νIC and τe is the optical
depth to electron scattering.

3.3.8

Spherical Emission and Beaming

The spherical nature of a GRB afterglow can substantially alter the observed light
curve (Fenimore et al., 1996). The burst ejecta is initially ultra-relativistic, with
100 . Γ . 1000. Radiation that is emitted by ejecta moving directly toward the
observer (i.e., directly along a line connecting the observer to the progenitor) will be
more highly beamed than radiation emitted by material that is not moving directly
toward the observer. There will also be a delay in the arrival time of photons that are
emitted from regions of the jet not traveling directly toward the observer, as these
regions are further away from the observer (Fenimore et al., 1996). The beaming
of material that is moving toward the observer leads to two effects: a higher flux
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is observed than would be expected if beaming was ignored, and the edge of the
jet, which does not move directly toward the observer and is therefore not as highly
beamed as the center of the jet, is not visible to the observer until Γ ∼ 1/θj . The
delay in arrival time of light emitted by material not moving directly toward the
observer tends to smooth out sharp features in the jet. The method outlined above
and in §2.4 neglects the spherical nature of the emitting region, but can be modified

to take this effect into account. We must first find the total luminosity L′ν ′ radiated

by electrons at comoving frame frequency ν ′ . As shown by Wijers & Galama (1999),
the power per unit frequency transforms as Pν = ΓPν′ ′ , implying that

L′ν ′

D 2 Fν
= 4π
,
Γ

(3.25)

where D is the luminosity distance to the source and Fν is the flux density detected
at a distance D from the source by an observer in the isotropic frame if the spherical
nature of the emitting region is ignored. The observed flux density is then

1
Fν =
4πD 2

ZZ
Ωj

L′ν ′ [r(θ)]D 3
d cos θ dφ,
Ωj

(3.26)

where D is the Doppler factor D = 1/Γ(1 − β cos θ) and Ωj = 2π(1 − cos θj ) is the
solid angle occupied by the jet (Moderski et al., 2000). Eqn. 3.26 must be numerically
integrated over the equal arrival time surface defined by

t=

Z

(1 − β cos θ)
dr = constant.
cβ

(3.27)

Let (r(t), θ) refer to a point on the leading edge of the jet, with 0 ≤ θ ≤ θj
and with θ = 0 referring to the center of the jet and the direction to the observer.
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Radiation emitted by material with increasing values of θ will be detected by the
observer at progressively later times. For a given observer time t, the jet radius r
at which radiation being detected from jet angle θ was emitted can be found by
numerically integrating Equation 3.27 over r with θ held constant until the specified
value of t is reached. Equation 3.26 is then used to find the total observed flux density
by integrating over θ from 0 ≤ θ ≤ θj . Note that, due to the large cosmological
redshifts with which we are dealing, a further correction must be made to transform
the isotropic frame flux density at a given frequency to an Earthbound observer’s
reference frame.

3.4

Light Curves

In this section, we present light curves for the various Pop III GRB progenitors
that were discussed in §3.2. For the sake of simplicity, we limit ourselves to bursts
with isotropic equivalent energies of 1051 , 1052 , and 1053 ergs, and use a single initial

Lorentz factor of Γ0 = 500 and an Earth-frame burst duration of 100 seconds. Unless
otherwise specified, times are given in the frame of an Earthbound observer.

3.4.1

Collapsars in HII Regions

Afterglow light curves for Pop III collapsars embedded in constant-density HII regions are shown in Fig. 3.5. We find that the flux at any given frequency is only
mildly dependent upon the medium density. The time at which peak flux occurs is
frequency dependent, with peak times occurring later for lower frequencies. Fluxes
are highest in the infrared, reaching ∼ 1 mJy for a 1053 erg burst immersed in an

n = 100 cm−3 HII region. Fluxes are more modest in the radio and the X-ray, though
the radio flux falls off only gradually after reaching its peak, making collapsars pos-
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sibly detectable in the radio for tens of days with the VLA.
Sensitivities for various current and upcoming radio, infrared, and X-ray instruments are shown in Table 3.1. The value of the peak flux at a given frequency is
highest in the infrared (at approximately 104 GHz), and decreases monotonically
for higher or lower frequencies. The best chance for detecting collapsar GRB afterglows embedded in constant-density HII regions, then, is with current and upcoming
infrared instruments. The infrared afterglow reaches a peak at or before ∼ 10−1
days, but falls off gradually enough that instruments such as the GRIPS IRT, and
WFIRST could yield detections of a 1051 erg burst for up to approximately two days
and a detection of a 1053 erg burst for almost 10 days. The Janus NIRT would be
able to detect a 1053 erg burst for about three days, while a 1051 erg burst would be
just at the edge of detectability.
In the radio portion of the spectrum, the VLA could just barely detect a 1051
erg burst propagating into a 0.1 cm−3 HII region , while SKA could conceivably
detect the same burst for about an hour. At the opposite extreme, a 1053 erg burst
propagating into a 100 cm−3 HII region would be detectable by the VLA for almost
80 days, while SKA could see the same afterglow for ∼ 200 days. Because peak
flux is reached earlier at steadily higher frequencies, ALMA will have difficulty in
detecting even the brightest afterglow for more than approximately a day. LOFAR
will be unable to detect these events, as it lacks the sensitivity to make a detection
even at the time of maximum flux. At 80 MHz, the peak flux only reaches ∼ 10−2
mJy, well below LOFAR’s 5σ sensitivity of 80 mJy (for an eight hour integration).
High redshift collapsar GRBs embedded in constant-density HII regions do not
produce exceptionally bright X-ray afterglows. The X-ray instruments that are sensitive to the lowest frequency X-rays, then, will be the most suitable for detecting
these events. The MXT, HET, and WFI aboard the proposed SVOM, EXIST, and
Lobster satellites, respectively, along with the GBM aboard the Fermi satellite, with
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their high sensitivities and low minimum observable frequencies, appear best suited
for detecting these afterglows. Only the highest-energy bursts would be detectable.
A burst with an isotropic equivalent energy of 1051 ergs would only reach a maximum
flux of ∼ 10−4 mJy at 3 × 109 GHz, well below the detection thresholds of every cur-

rent/proposed X-ray mission except for the Fermi GBM. A 1053 erg burst, however,

could produce an afterglow with a flux of ∼ 10−1 mJy at 109 GHz immediately after
the end of the prompt emission phase. The afterglow flux would then fall off slowly
enough that SVOM, EXIST, and Lobster could detect the afterglow for almost a
day. FERMI’s LAT, due to its high minimum detectable frequency of 4.8 × 1012
GHz, is not well suited to look for high-redshift GRB afterglows, and does not have
the sensitivity to make a detection.
Afterglow light curves for GRBs embedded in pure stellar winds are shown in
Fig. 3.6. Such an environment is expected in many binary merger scenarios when
the circumstellar hydrogen shell has been pushed far enough by the subsequent stellar
wind that the GRB jet does not interact with the shell before the afterglow dims
below our ability to detect it. As in the case of a collapsar embedded in a constant
density HII region, an afterglow from a GRB that occurs in a stellar wind attains a
peak flux in the infrared at about 104 GHz, with lower peak fluxes being reached for
progressively lower or higher frequencies. Due to the higher initial density, however,
the fluxes at frequencies above the radio are higher for a given isotropic equivalent
energy than a corresponding GRB immersed in a constant-density HII region. The
peak radio flux, however, is lower than in the constant-density case, due to the low
medium densities that the jet encounters at the late times when the radio flux reaches
its peak.
A 1053 erg GRB at z = 20 that is produced by a stellar progenitor that had
previously been ejecting stellar wind at a rate of 10−4M⊙ yr−1 could reach a maximum
flux density of ∼ 1 Jy 100 seconds after the burst, making it readily detectable at
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Instrument
LWA1
LOFAR2
VLA3
SKA4
ALMA5
GRIPS IRT6
JWST NIRcam7
WFIRST8
JANUS NIRT9
EXIST IRT10
SVOM MXT11
SVOM ECLAIRS12
Lobster WFI13
JANUS XRFM14
EXIST HET15
Swift BAT16
Fermi GBM17

Frequency Range
Min (GHz) Max (GHz)
1.0 × 10−2 8.8 × 10−2
3.0 × 10−2 8.0 × 10−2
1.0 × 100
4.0 × 101
−1
1.0 × 10
1.0 × 102
8.4 × 101
7.2 × 102
1.0 × 104
4.0 × 104
4
6.3 × 10
4.3 × 105
1.5 × 105
4.0 × 105
5
1.8 × 10
4.3 × 105
1.3 × 105
1.0 × 106
7.3 × 107
1.5 × 109
8
9.7 × 10
6.0 × 1010
1.2 × 108
3.6 × 109
1.2 × 108
6.0 × 109
9
1.2 × 10
3.6 × 1010
3.6 × 109
3.6 × 1010
9
2.4 × 10
6.0 × 1012

Sensitivity
(mJy)
1.0 × 10−1
8.0 × 10−1
2.5 × 10−2
5.0 × 10−4
3.5 × 10−2
9.3 × 10−4
1.0 × 10−4
2.6 × 10−4
6.7 × 10−2
2.3 × 10−3
4.3 × 10−3
3.9 × 10−2
5.6 × 10−3
7.0 × 10−2
1.9 × 10−3
1.9 × 10−4
3.1 × 10−5

Integration Time
(minutes)
4.8 × 102
4.8 × 102
3.6 × 102
1.7 × 101
3.6 × 102
8.3 × 100
1.7 × 102
1.7 × 101
8.0 × 100
5.0 × 10−1
1.7 × 10−1
1.7 × 101
5.0 × 10−1
5.0 × 10−1
1.7 × 100
1.7 × 100
1.7 × 100

Table 3.1: Frequency ranges and sensitivities for a selection of current and proposed radio, infrared, and X-ray instruments. All sensitivities are valid for the
specified constant integration time at the 5σ level. Values were obtained from Taylor et al. (2012)1, Astron.nl (2013)2 , science.nrao.edu (2013)3, Jackson (2002)4, almascience.eso.org (2013)5 , Greiner et al. (2012)6, stsci.edu (2008)7 , Spergel et al.
(2013)8, Burrows et al. (2010)9, Grindlay (2010)10, Paul et al. (2011)11,12 , Gorenstein
(2011)13, Falcone et al. (2009)14 , Hong et al. (2009)15 , and Jenke (2013)16,17 .

infrared wavelengths for up to 10 days with EXIST. GRIPS and WFIRST could
potentially extend that window of detectability out to approximately 10-20 days.
Even a low energy burst with an isotropic equivalent energy of 1051 erg would be
detectable with an instrument like the Janus NIRT for almost a day. The JANUS
NIRT, however, with its slightly higher detection threshold, would not be able to
detect the lowest energy bursts.
The radio afterglow for a GRB encountering a stellar wind is somewhat dimmer
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Figure 3.5: Collapsar GRB afterglow light curves for bursts with isotropic equivalent
energies of 1051 erg (red), 1052 erg (blue), and 1053 erg (green) propagating into
constant-density HII regions. Solid lines correspond to HII region densities of 0.1
cm−3 , dotted lines correspond to HII region densities of 1.0 cm−3 , and dashed lines
correspond to HII region densities of 10 cm−3 . X-ray light curves (2 × 1010 GHz) are
shown in the top panel, infrared light curves (105 GHz) appear in the middle panel,
and radio light curves (5 GHz) appear in the bottom panel.

than that of an afterglow from a GRB encountering a constant-density medium.
Additionally, the time at which peak flux is reached is later (1-50 days) in the wind
case than in the uniform medium case (0.1 - 1 days). A 1053 erg burst encountering
a 10−4 M⊙ yr−1 stellar wind reaches a peak flux of ∼ 1mJy at 5 GHz after 0.8
days. It would be possible to detect such an afterglow with the VLA from between
approximately 0.1 days and 80 days after the burst. SKA could extend this range to
0.05 - 200 days. Neither ALMA nor LOFAR would be able to detect an afterglow
from a z = 20 GRB immersed in a stellar wind due to sensitivity limitations.
X-ray afterglows from z = 20 GRBs immersed in stellar winds are substantially
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brighter than those immersed in constant density media. A 1053 erg GRB at z = 20
could produce an afterglow that reaches a peak flux of 20 mJy at 109 GHz. Such
an afterglow would be easily detectable by SVOM, EXIST, Lobster, JANUS, Swift,
or the Fermi GBM. The JANUS XRFM would be able to detect an afterglow for
almost half an hour, whereas the Fermi GBM would see it for almost two hours.
At the other extreme, a low-energy burst of 1051 ergs immersed in a 10−6 M⊙ yr−1
stellar wind would produce an afterglow that would only reach ∼ 5 × 10−3 mJy at

109 GHz. Such a burst would only be detectable for ∼ 200 seconds with the Fermi
GBM, and would most likely go undetected by other X-ray instruments.
The afterglow light curve for a suite of Helium merger models are shown in Fig.
3.8. Each Helium merger model consists of a 1M⊙ shell propagating into a uniform
HII region. Three HII region densities were chosen: 0.1 cm−3 , 1 cm−3 , and 10 cm−3 .
In each case, the GRB jet encounters the hydrogen shell when it is 2 AU from the
progenitor. When the GRB jet is launched, it initially encounters an n(r) ∝ r −2

density profile analogous to a stellar wind with Ṁ ≃ 10−3 M⊙ yr−1 . The high density
of the circumburst medium causes the jet to decelerate to mildly-relativistic speeds
in an isotropic frame time of ∼ 10 minutes. Due to the short time delay between the
ejection of the hydrogen shell and the subsequent GRB, a region of shocked wind has
not had a chance to develop behind the shell. Therefore, the jet transitions directly
from the wind to the hydrogen shell.
A mildly-relativistic reverse shock develops at the contact discontinuity between
the wind and the hydrogen shell and propagates backward through the jet (in the
frame of the jet). A new forward shock forms which has a lower Lorentz factor than
the original forward shock but is, in general, still mildly-relativistic. A reverse shock,
likewise mildly relativistic, forms and propagates back into the original forward shock.
The new forward shock propagates into the thick shell and immediately encounters
another density jump, where it produces yet another forward/reverse shock pair.
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This process continues in an iterative fashion, with several to dozens of shock pairs
eventually being formed. By the time the lead forward shock reaches the interior of
the shell where the density is roughly constant (and no more shocks are produced),
all forward shocks have become entirely non-relativistic and all reverse shocks have
crossed the forward shocks that created them. The structure of a jet which has
entered a circumstellar shell from an He merger is shown in Fig. 3.7.
The jet remains in the shell for the entire 102 day simulation. Upon its eventual
emergence from the shell, it is possible that there could be a slight re-collimation
of the jet due to the low density of the circumburst medium beyond the shell. Any
resulting rebrightening of the light curve would be minimal however, due to the
low density of the medium. We find that the density of the interstellar medium
beyond the hydrogen shell has essentially no effect on the resulting GRB afterglow
light curve. This is because the 1M⊙ hydrogen shell has not been effected in any
significant way by the external medium by the time of the burst, at which point it
has only propagated 2 AU.
He merger GRB afterglows show significant frequency and time-dependent behavior (Fig 3.8). The peak flux occurs in the infrared, as in the case of GRBs immersed
in stellar winds and constant-density HII regions, but there is also a high initial
X-ray flux. Radio emission is suppressed by synchrotron self-absorption in the highdensity shell, meaning that detecting He merger GRB afterglows at any frequency
below the infrared will be nearly impossible using current or upcoming instruments.
The flux at all frequencies drops by many orders of magnitude once the jet enters
the circumstellar hydrogen shell.
The high density of the medium interior to the hydrogen shell (Fig. 3.3a, black
line) produces a large infrared flux. A 1051 erg GRB reaches a peak flux of 10 mJy
after 150 seconds at 105 GHz, while a 1053 erg GRB reaches a maximum flux of almost
100 mJy at that frequency. Although the maximum infrared fluxes are certainly
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bright enough to be detectable, in principle, with all of the infrared instruments
listed in Table 3.1, observing constraints will most likely prevent detection of these
events at infrared frequencies. The higher the initial isotropic equivalent energy, the
less effectively the circumburst medium can decelerate the GRB ejecta, and the less
time it will take for the jet to reach the hydrogen shell. Upon entering the shell,
the infrared flux drops precipitously (possibly after a brief flare), making detection
impossible. Even a low-energy burst with an isotropic equivalent energy of 1051 erg
will reach the hydrogen shell after only ∼ 1.5 hours, making it unlikely that an
infrared instrument could be brought on source in time for a detection.
The best chance for detecting helium merger GRB afterglows is with X-ray instruments. At 109 GHz, the afterglow from a helium merger GRB with an isotropic
equivalent energy of 1053 erg reaches a flux of 10 mJy just after the end of the prompt
emission phase (assuming a burst duration of 100 s and an initial Lorentz factor of
Γ = 500). The burst would remain detectable by SVOM, Lobster, JANUS, EXIST,
and the Fermi GBM until the jet encountered the circumstellar hydrogen shell at
tobs . 0.1 days. The X-ray flux would then drop by many orders of magnitude,
possibly after producing a flare of 1 − 2 orders of magnitude lasting for between a
few seconds and a few minutes. GRB afterglows with a strong X-ray flux, but with
no detected radio or infrared counterpart, could be a strong indicator of a helium
merger GRB.
Afterglow light curves for binary merger GRB jets propagating into hydrogen
shells at r = 0.1 pc are shown in Fig. 3.9. The jet first finds itself immersed
in a region of stellar wind. It then encounters the uniform-density shocked wind at
about 10 days, by which time it has been decelerated to Γ ≃ 10. A mildly relativistic
reverse shock forms at the interface between the free-streaming wind and the shocked
wind and then propagates back into the jet. Meanwhile, a mildly-relativistic forward
shock propagates into the shocked wind. A series of forward/reverse shock pairs are

83

Chapter 3. Population II/III Gamma-Ray Bursts
formed at the interface between the free-streaming wind and the shocked wind until
the lead forward shock transitions fully into the constant-density shocked wind. The
jet, now only mildly-relativistic, then encounters the thick shell at between several
hundred and 1000 days, at which time it becomes entirely non-relativistic. A series
of forward/reverse shock pairs forms as the jet enters the shell in much the same way
as in the helium merger case. The jet eventually emerges from the hydrogen shell
and encounters the ISM beyond, but only after several thousand days.
As can be seen in Fig. 3.9, the light curve for the afterglow from a stellar merger
GRB in which there is a circumstellar hydrogen shell at 0.1 pc is quite similar to
that of an afterglow from a GRB immersed in a pure stellar wind out to 20-50
days. Although the jet encounters the shocked wind after ∼ 5 days, the effect on
the light curve is minimal. Only when the jet enters the hydrogen shell at 2050 days does the light curve deviate significantly from the pure-wind case. In the
X-ray band, the afterglow falls below the detection limits of current or upcoming
instruments before the jet encounters the shell. In the infrared band, the flux is only
about 10−5 − 10−4 mJy when the shell is encountered, making the transition into the
shell barely detectable with the JWST or perhaps WFIRST, and then only for the
brightest bursts. Likewise, the afterglow flux is only ∼ 10−2 mJy at 5 GHz when the
jet encounters the shell. The VLA may be able to just barely detect the transition
of a Pop II/III binary merger GRB jet into a circumstellar shell, but SKA stands
a much better chance of obtaining a detection. The afterglow for a binary merger
GRB at z & 15, then, would under most circumstances appear to be that of a GRB
immersed in a pure wind even when the shell is relatively close to the progenitor. The
only signature of the presence of a circumstellar shell could be a slight shallowing of
the light curve at infrared and radio frequencies at late times due to the transition
into the constant-density shocked wind.
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3.4.2

Flares

It has been argued by (Gat et al., 2013) that flares cannot be produced as a jet
enters a circumstellar hydrogen shell. When the jet encounters a density jump, a
forward/reverse shock pair is formed. The new forward shock propagates into the
new medium, while the reverse shock propagates backward into the old forward shock
(in the frame of the old forward shock). Material swept up by the new forward shock
does not mix with material that has been swept up prior to the encounter due to the
presence of a contact discontinuity between the reverse shock and the new forward
shock. The hydrodynamics model outlined in §2.4, which employs the swept-mass
approximation exclusively to model jet evolution, will therefore overestimate the
amount of mass that radiates at the post-encounter Lorentz factor. Gat et al. (2013)
argue that this could lead to an overestimation of the flux at the interface between
the shocked wind and the hydrogen shell, producing a flare where none should exist.
The Gat et al. (2013) model accounts for the radial structure of the jet in order
to model the passage of the reverse shock through the original forward shock during
an encounter with a density jump. The model does not, however, resolve the density
structure of the circumburst medium itself, assuming instead that the transition
region that the jet encounters when it reaches the shell consists of a single density
jump of factor 105 . Importantly, the radial structure of a jet after it has interacted
with a single density jump of some factor a is not equivalent to the radial structure
of that same jet after an interaction with a series of smaller density jumps that, when
added together, lead to a final change in density of factor a.
Figure 3.7 shows the radial structure of a jet after it has entered a 1M⊙ shell
expelled during a helium merger event. The jet does not instantaneously transition
into the circumstellar hydrogen shell, but instead encounters a series of density jumps
over a period of ∼ 2 hours. Consequently, the jet structure becomes highly complex,
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with the vast majority of the swept mass contained within a narrow region at the
leading edge of the jet. Because the majority of the mass is concentrated near the
leading edge of the jet, smearing out of any potential flares due to the radial extent
of the jet is far less important than what is predicted in the Gat et al. (2013) model.
Our model predicts flares for helium merger afterglows, but not for other binary
mergers. This is simply due to the much higher shell densities encountered by the
jet in the helium merger case.

3.5

Conclusions

We used the ZEUS-MP code to produce realistic density profiles for the circumburst
media surrounding gamma-ray burst progenitors at high-redshift (z = 20). Synthetic light curves were produced for GRB jets propagating through thick hydrogen
shells surrounding stellar merger GRB progenitors and for jets propagating through
uniform-density HII regions.
A significant degeneracy exists between the stellar merger circumburst medium
models due to uncertainties in parameters such as the mass of the shell, the duration
of the shell-loss event, and the time delay between the loss of the shell and the
onset of the GRB. This effect is only heightened by the tendency of relativistic
effects to smooth out sharp features that would otherwise appear in the afterglow
light curve. Distinguishing between the various stellar merger types is therefore
extremely difficult. The afterglow from a binary merger GRB is indistinguishable
from that of a GRB immersed in a pure stellar wind until at least several tens of days
after the burst, at which point the afterglow will have faded beyond the detection
limits of current or proposed X-ray instruments. If the shell lies beyond 0.1 pc,
the afterglow could be too dim for the tell-tale precipitous drop in flux that signals
the interaction of the jet with the shell to be discernible even by radio instruments.
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The afterglow from a helium merger GRB could be the easiest to identify due to its
strong X-ray component, short-lived infrared component, and lack of a detectable
radio component.
It may be possible, in principle, to detect GRB afterglows at z ≃ 20 with current
instruments such as VLA, ALMA, the Swift’s BAT, and the Fermi GBM. In practice,
however, the likelihood of detecting such events with current instruments is quite low.
The predicted Pop II and Pop III GRB rates for z ≃ 15 are each only ∼ 0.1 yr−1
(Bromm & Loeb, 2006c). If, as is suggested by our models, only the bursts of at
least modest luminosity will be detectable with current instruments, the number of
high-redshift bursts that are actually observable may be significantly less. Future
instruments such as JWST, SKA, WFIRST, JANUS, and Lobster may provide the
necessary sensitivity to provide us with the first detections of these objects.
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Figure 3.6: Light curves for GRB jets propagating through pure stellar wind environments, representing the situation in which the circumstellar hydrogen shell has
propagated far enough from the progenitor that it does not interact with the GRB
jet. Bursts with isotropic equivalent energies of 1051 erg are shown in red, bursts with
isotropic equivalent energies of 1052 erg are shown in blue, and bursts with isotropic
equivalent energies of 1053 erg are shown in green. Solid lines correspond to winds
with Ṁ = 10−6 M⊙ yr−1 , dotted lines correspond to winds with Ṁ = 10−5 M⊙ yr−1 ,
and dashed lines correspond to winds with Ṁ = 10−4 M⊙ yr−1 . X-ray light curves
(2 × 1010 GHz) are shown in the top panel, infrared light curves (105 GHz) appear
in the middle panel, and radio light curves (5 GHz) appear in the bottom panel.
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Figure 3.7: isotropic frame jet number density versus distance from the progenitor
for a GRB jet after it has become fully immersed in a circumstellar shell. The red
line represents the density of the shell into which the jet is propagating. The blue
line represents the lead forward shock which was produced during the interaction
with the most recent density jump. This forward shock is propagating into the
circumstellar shell ahead of the rest of the jet. The black region corresponds to the
series of forward/reverse shock pairs that were formed as the jet transitioned into
the shell. The spike (green) at the rear of the jet consists of the circumburst material
that was swept up before the jet encountered the circusmtellar shell. The reverse
shock that formed upon the initial encounter of the jet with the shell has entirely
crossed the initial forward shock.
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Figure 3.8: Light curves for GRB jets produced by Helium merger events. Bursts
with isotropic equivalent energies of 1051 erg are shown in red, bursts with isotropic
equivalent energies of 1052 erg are shown in blue, and bursts with isotropic equivalent
energies of 1053 erg are shown in green. Each hydrogen shell contains 1M⊙ of material.
The hydrogen shells expand into an ISM of density nISM = 0.1 cm−3 , 1 cm−3 , or 10
cm−3 . The differences in the light curves due to the different ISM densities are too
slight to be discernible here. X-ray light curves (2 × 1010 GHz) are shown in the top
panel, infrared light curves (105 GHz) appear in the middle panel, and radio light
curves (5 GHz) appear in the bottom panel.
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Figure 3.9: Light curves for GRB jets produced by binary merger events in which
the shell is close to the progenitor (0.1 pc). Bursts with isotropic equivalent energies
of 1051 erg are shown in red, bursts with isotropic equivalent energies of 1052 erg are
shown in blue, and bursts with isotropic equivalent energies of 1053 erg are shown in
green. Each shell contains 1 M⊙ of material. Solid lines refer to the case where the
shell propagates into a medium with nISM = 0.1 cm−3 , while dotted lines correspond
to nISM = 1 cm−3 and dashed lines correspond to nISM = 10 cm−3 . X-ray light curves
(2 × 1010 GHz) are shown in the top panel, infrared light curves (105 GHz) appear
in the middle panel, and radio light curves (5 GHz) appear in the bottom panel. In
most cases, the external HII region density has a negligible effect on the light curve,
and the dashed and dotted lines of a given color lie superimposed on the solid lines.
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Chapter 4
VLBI and Archival VLA and
WSRT Observations of GRB
030329
The contents of this chapter were published in a modified form as Mesler R. A.,
Pihlstr om, Y. M, Taylor, G. B., & Granot, J. 2012, ApJ. 759, 4. Used with permission.

Abstract:
We present VLBI and archival Karl G. Jansky Very Large Array (VLA)
and Westerbork Synthesis Radio Telescope (WSRT) observations of the
radio afterglow from the gamma-ray burst (GRB) of 2003 March 29 (GRB
030329) taken between 672 and 2032 days after the burst. The VLA and
WSRT data suggest a simple power law decay in the flux at 5 GHz, with
no clear signature of any rebrightening from the counter jet. We report
an unresolved source at day 2032 of size 1.18 ± 0.13 mas, which we use in
conjunction with the expansion rate of the burst to argue for the presence
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of a uniform, ISM-like circumburst medium. A limit of < 0.067 mas yr−1
is placed on the proper motion, supporting the standard afterglow model
for gamma-ray bursts.

4.1

Introduction

Gamma-ray bursts (GRBs) are sudden, short-lived (. 102 s) releases of energy of
on the order 1051 − 1054 erg (Frail et al., 2001; Bloom et al., 2003) in a region of
. 100 km. The central engine, thought to be a black hole with an accretion disk
formed either by the collapse of a massive evolved star (collapsar) for long GRBs
(& 2s) or by the merger of two stellar remnants (black holes or neutron stars) for
short GRBs (. 2s). The large, sudden energy release produces an e+ e− ,γ fireball in
the form of collimated jets (Paczyński, 1993). Variability in the rate and velocity at
which material is ejected from the central engine leads to internal shocks within the
jet when fast-moving shells catch up to slower ones. The resulting γ-ray emission is
responsible for the so-called prompt emission (Rees & Meszaros, 1994).
Whereas prompt emission lasts for . a few minutes, GRB afterglow emission
can last far longer, up to years in the radio part of the spectrum, e.g. (Frail et al.,
2000; Berger et al., 2003b; Taylor et al., 2004; Pihlström et al., 2007). The longlived afterglow emission is primarily synchrotron radiation is usually attributed to an
interaction with the shocked external medium that exists behind the external forward
shock (Meszaros & Rees, 1997). More recently, perplexing features observed by
Swift in the early X-ray afterglow have lent weight to a possible alternative scenario
wherein a long-lived reverse shock decelerates slow ejecta at the back of the original
outflow as it gradually catches up with the shocked external medium (Genet et al.,
2007; Uhm & Beloborodov, 2007). Whether the afterglow arises from the forward
external shock or from a long lived reverse external shock, an external shock origin
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is strongly supported by measurements of the radio afterglow image size and its
temporal evolution for the late time radio afterglow of GRB 030329 (Taylor et al.,
2004; Oren et al., 2004; Granot et al., 2005; Pihlström et al., 2007).
To explain the intensity and duration of observed GRB afterglow emission, the
presence of a circumburst medium must be taken into account. External shocks
naturally arise when jet material interacts with the circumburst medium, converting
kinetic energy of the fireball into particle energy and luminosity (Meszaros & Rees,
1993). These interactions are expected to be collisionless, mediated instead by the
tangled and compressed magnetic fields that exist at the shock boundary. Electrons
accelerating along magnetic field lines at the shock boundary produce the power
law emission spectrum characteristic of gamma-ray bursts (Meszaros & Rees, 1993;
Katz, 1994). The spectral and temporal evolution (Sari et al., 1998; Granot & Sari,
2002) of GRB afterglows, then, are governed by such factors as the structure and
dynamical evolution of the relativistic jet (for a review, see ”Granot 2007), but also
by the environment (e.g., constant density versus a windlike density profile; Chevalier
& Li 2000). A detailed study of the size evolution of a GRB afterglow would make
it possible to better constrain the density profile of the circumburst medium.
Progenitors of long-duration gamma-ray bursts are expected to be associated with
the collapse of single evolved stars (collapsars) (Woosley, 1993a; Paczynski, 1998;
Fryer et al., 1999a) or the merger of both members of a binary system (see §1.2.5
for an in-depth discussion of binary merger progenitor types). At least some GRBs
should therefore exist in gas-rich environments with isotropic windlike ρ(r) ∝ r −2
density profiles out to a few tenths of a parsec, where there is a region of roughly
uniform density corresponding to the stellar wind reverse shock (Ramirez-Ruiz et al.,
2005). Because the radio afterglow is detectable for months or years after the initial
explosion, the jet would be expected to have sufficient time to traverse the stellar
wind and enter the uniform shell of material that lies beyond. Several long GRBs,
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however, have shown light curves that are more characteristic of a jet propagating
through a uniform ρ(r) = ρ0 medium for the entire observed duration of the radio
afterglow. Because GRBs at low redshifts are expected to have been produced by
stars with a large enough metal content for the production of stellar winds, a constant
density ISM is not as easily explained as it is in the high-redshift case. More direct
and less model-dependent methods of determining the radial density profile could be
used to better constrain the progenitor as well as to test the validity of the standard
fireball model.
In the simplest emission models, the flux density evolution of the GRB afterglow
is related to the density of the medium in which the GRB is present (Waxman,
1997). The afterglow from GRB 030329 was monitored by Taylor et al. (2004) and
Pihlström et al. (2007) to obtain the first well-determined expansion rate for a GRB
up to 247 and 806 days after the burst, respectively. The apparent diameter of the
burst afterglow was shown to increase from 0.065 ± 0.022 mas to 0.172 ± 0.043 mas
between day 25 and 83. Thereafter, the expansion rate decreased, with the burst
reaching a size of 0.347 ± 0.090 mas at t = 806 days. The evolution of the mean
apparent expansion speed of the afterglow image (Pihlström et al., 2007) suggests a
transition to non-relativistic expansion after about one year (see Fig. 4.3). Models
of the afterglow expansion predicted similar sizes at day 217 and day 806 in both the
uniform density and the wind density profile case (see Fig. 4.4), making it necessary to
observe the afterglow at later times so that the preferred model for the GRB 030329
circumburst environment could be unambiguously determined using this method.
Here we present observations of the GRB 030329 afterglow taken up to 5.5 years
after the initial burst in order to shed light on the validity of the different afterglow
models. We also seek to place constraints on the density profile of the circumburst
environment, the jet dynamics and structure, and the proper motion.
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4.2

GRB 030329

The gamma-ray burst GRB 030329 was first detected by the High Energy Transient
Explorer 2 (HETE-2 ) satellite at 11:37 UTC on March 29th, 2003 (Vanderspek et al.,
2003), and was localized in the optical bands by Peterson & Price (2003). Its redshift
of z = 0.1685 (Greiner et al., 2003), corresponding to an angular distance of 587 Mpc,
makes it one of the nearest GRBs to Earth.1 The GRB 030329 radio afterglow is the
brightest ever to have been observed, reaching a maximum flux density of 55 mJy
one week after the burst at 43 GHz (Berger et al., 2003a). The relative proximity of
GRB 030329 to the Earth and its high afterglow luminosity present an unprecedented
opportunity to study the flux evolution of a GRB afterglow, as well as the rate of
expansion of the burst, which was fully resolved by the VLBA at 4.86 GHz (Taylor
et al., 2004, 2005; Pihlström et al., 2007).

4.3
4.3.1

Observations and Data Reduction
Global VLBI

On 21 October 2008, 2032 days after the burst, we used 9 antennas from the global
VLBI Network (Effelsberg, Jodrell Bank Lowell, Medicina, Noto, Onsala, Torun,
Westerbork, Green Bank, and Arecibo) to observe the 5 GHz continuum afterglow
emission of GRB 030329. This array provided a baseline range between 266 and
6911 km, corresponding to fringe spacings between 1.8 and 47 mas. The total bandwidth observed was 128 MHz (8 IFs of 16 MHz each), dual polarization. The nearby
source J1048+2115 was used as the phase-reference calibrator with a 3 minute cy1 The

redshift of GRB 030329 is found to be z = 0.1685. Assuming a ΛCDM cosmology
with H0 = 71 km s−1 Mpc−1 , ΩM = 0.27, and ΩΛ = 0.73, GRB 030329 is located at an
angular distance of dA = 587 Mpc, with 1.0 mas corresponding to 2.85 pc.
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cle (2 minutes on-source, 1 minute on the calibrator). The source was tracked for
7.5 hours in total, which included 3 hours with the Arecibo telescope.
Data were recorded at 1 Gb/s rate, except for at the GBT telescope where the
data recording rate was limited to 512 Mb/s. The data were correlated at the Joint
Institute for VLBI in Europe (JIVE) with a 2 seconds averaging time and 16 channels,
and the GBT data was correlated as 2-bit data with the magnitude bit set to high.
This correlation scheme was successfully applied to our previous high sensitivity
observations (Pihlström et al. 2007).
Data reduction was done using the AIPS package. First the data were corrected
for a slight position offset for the GBT antenna, and then for a position offset of the
phase calibrator determined by the position of the ICRF source J1051+2119 observed
every 30 minutes. This ensures the position is measured relative to the same points
as has been done in previous VLBI observations of this source (Pihlström et al., 2007;
Taylor et al., 2005, 2004). A continuum map was produced using the inner 75% of
channels in each IF, and resulted in a 6 µJy beam−1 RMS noise level.
A circular Gaussian was fitted to the measured visibilities and we derived an angular diameter of 1.18 ± 0.13 mas. The goodness of fit of this gaussian model, however,
is extremely poor due to the noisiness of the visibility data. We therefore treat this
value as a 1σ upper limit on the source size of 1.31 mas. The position obtained for
GRB030329 at day 2032 is R.A. = 10h 44m 49s .95944 and Dec = 21◦ 31’17.4372”.

4.3.2

VLA and WSRT Archival Observations

Here we present late-period 5 GHz observations, taken from the NRAO and WSRT
data archives, that were made between 672 and 1773 days after the burst (see Table 4.1). The VLA data were reduced in the AIPS software package. The bright
calibrator 3C286 was used for absolute flux calibration, and J1051+213, which was
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Date

∆t
Frequency
(days)
(GHz)
2005 Jan 29 671.90
4.86
2005 Mar 31 732.74
4.86
2005 Apr 07 739.73
4.86
2005 May 14 777.06
4.85
2005 Jun 08 801.53
4.86
2005 Nov 27 974.51
4.80
2006 Mar 22 1088.7
4.86
2006 Apr 30 1128.0
4.80
2008 Feb 04 1773.3
4.86

Flux Density
(µJy)
324 ± 28
196 ± 31
270 ± 29
276 ± 38
279 ± 27
197 ± 40
169 ± 31
149 ± 34
70 ± 17

Instrument
VLA-B1
VLA-A2
VLA-C1
WSRT5
VLA-A2
WSRT6
VLA-A3
WSRT7
VLA-A4

Table 4.1: VLA and WSRT observations of the GRB 030329 radio afterglow at 5
GHz. The VLA data were taken under project codes AF4141 , AK5832 , AS8643 , and
TYP1004 . The WSRT data correspond to sequence numbers 105023895, 105060256,
and 106021157. WSRT data appearing in this table were originally published in van
der Horst et al. (2005) and van der Horst et al. (2008), and were re-analysed to
ensure uniformity of analysis across all data points.

separated from the source by 1.6◦ , was used to determine the complex antenna gains.
The WSRT data were originally published in van der Horst et al. (2005) and van der
Horst et al. (2008). WSRT data appearing in those two works covering the same time
span as the VLA data that we have taken from the NRAO archive were re-analysed
to ensure uniformity of analysis. The re-analysed data were reduced in AIPS, with
3C286 serving as the primary calibrator and either 3C48 or 3C147 serving as the secondary calibrator. Flux densities derived from the WSRT data that were re-analysed
in this work appear in Table 4.1.
Using the VLA data included in this work in conjunction with VLA (Frail et al.,
2005; Berger et al., 2003a; Pihlström et al., 2007) and WSRT (van der Horst et al.,
2005, 2008) data which was previously published, we find that the decrease in flux
density from day 59 to day 1773 (Fig. 4.1) is well described by a power law Fν ∝ t−α
with the temporal index α = 1.27 ± 0.03. This is consistent with the value of
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α = 1.23 ± 0.03 obtained by Pihlström et al. (2007) for the time range of 59 to 806
days after the burst.
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Figure 4.1: The GRB 030329 5GHz light curve can be represented as a decaying
power law with α = 1.27 ± 0.03 after day 59. Red circles are data taken from the
VLA archive, while blue squares are data taken from this work, van der Horst et al.
(2005), and van der Horst et al. (2008). The vertical lines at the bottom of the figure
denote dates at which the afterglow size was measured with VLBI. The green cross
represents the VLBI data point presented in this work.

4.4
4.4.1

Results
Flux Density Evolution

Our archival VLA and WSRT observations show that the evolution of the afterglow
flux density follows a single power law drop-off of the form Fν ∝ t−α with a temporal
index α = 1.27 ± 0.03 (see Fig. 4.1) from day 59 through day 1773. This is consistent
with previous work by Pihlström et al. (2007), who found that the drop-off was
Fν ∝ t−1.23±0.03 between days 59 and 621. Our VLBI measurement on day 2032 is also
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consistent with the overall power law, with an observed flux density of 76 ± 10 µJy
closely matching the predicted flux of 73 µJy. VLBI instruments, lacking short
baselines, are much less sensitive to extended emission than smaller interferometers
such as the VLA and the WSRT. In order for measurements of the flux density
made with the VLA and the WSRT to agree with measurements taken from VLBI
observations, there cannot be significant extended emission.
The electrons that are injected into a gamma-ray burst shock are generally assumed to follow a power law distribution in energy N(γe ) ∝ γe−p . The temporal index
can be used to determine the value of the electron power law index p (van der Horst
et al., 2008). In the non-relativistic regime, the temporal index and the electron
spectral index, p, are related by α = 3(5p − 7)/10 in the homogenous case and by
α = (7p − 5)/6 in the wind case. Our value of α = 1.27 ± 0.03 yields p = 2.25 ± 0.02
for a uniform medium and p = 1.80 ± 0.03 for a wind. If the circumburst density is
assumed to follow a power law in radius ρext ∝ r −k , then the slope power law k can

be calculated directly using

k=

5α − 15β + 3
,
α − 4β + 2

(4.1)

where β is the spectral index (van der Horst et al., 2008). Using the value of β =
0.54 ± 0.02 from van der Horst et al. (2008), one finds k = 1.1 ± 0.2. It is important
to note, however, that the value that is obtained for p (and, therefore, k) using this
method is extremely sensitive to the time range that is used in the calculation. The
transition of the jet to non-relativistic expansion leads to a steeper decay phase than
in the Newtonian regime, and will lead to a higher value of p. It is contended by van
der Horst et al. (2008) that the jet becomes non-relativistic at t ≃ 100 days, and so
any data before this time is excluded. With this choice of cutoff time, they obtain a
value of p = 2.12 ± 0.02 and k = 0.33+0.34
−0.41 . They point to the fact that they obtain
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larger values of p if they include earlier data to support their choice of the cutoff
time. Setting the cutoff to t = 312 days, however, yields an even larger value of the
electron power law index of p = 2.43 ± 0.07 (k = 1.9 ± 0.19), even though the burst
is almost certainly entirely non-relativistic by this time. Setting the cutoff time to
t = 426 days, on the other hand, yields p = 2.14 ± 0.07 (k = 0.46 ± 0.44. It is also

noted by van der Horst et al. (2008) that the value of χ2 decreases significantly if
data taken prior to t = 100 days are excluded, which they use as additional support
of their choice of cutoff time. Choosing a cutoff time of t = 312 days, however, will
yield an even lower value of χ2 than a cutoff time of t = 100 days. We find that
the value of k = 1.27 ± 0.03 is consistent with van der Horst et al. (2008) given the
large uncertainty in k that is obtained by calculating it directly from the temporal
and spectral slopes. It should also be noted however that van der Horst et al. (2008)
used multi-frequency data to obtain their value of p, meaning that they had more
independent data points with which to calculate it.

4.4.2

Size and Expansion Rate

The entire history of expansion for GRB 030329 is shown in Fig. 4.2. The first
measurement at 15 days comes from a model-dependent estimate of the quenching
of the scintillation (Berger et al., 2003a). The uncertainties on this size estimate
are large due to the dependence of the measurement on estimated properties of the
interstellar medium along our line-of-sight. A 2σ upper limit on the afterglow image
size of 1.31 mas, or 1.2 × 1019 cm, was obtained for day 2032.
The apparent expansion speed is defined as βapp c. The decline in hβapp i with time
is shown in Fig. 4.3, where hβapp i is found using

hβapp i =

θR dM
(1 + z)R⊥
=
,
ct
ct

(4.2)
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where θR = R⊥ /dA = (1 + z)R⊥ /dM and R⊥ are the angular and physical radius
of the image, respectively, dM is the proper distance to the source, z is the source’s
cosmological redshift, t is the time of observation, and c is the speed of light. Previous
work by Pihlström et al. (2007) and Taylor et al. (2004, 2005) shows a continuous
decrease in the apparent expansion rate of the image up to day 806, likely due to a
deceleration of the afterglow shock due to interaction with the circumburst medium.
The mean afterglow apparent expansion rate up to day 806 was hβapp i = 0.9 ± 0.2.
Our upper limit of 1.31 mas at day 2032 corresponds to a mean apparent expansion
rate of hβapp i < 1.3. It should be noted that the intrinsic image surface brightness
profile of the afterglow is expected to have a small effect on the value obtained for the
diameter of the afterglow 2R⊥ . The image may be limb-brightened (Granot et al.,
1999; Granot & Loeb, 2001), which could suggest a possible correction factor to the
values used in this paper of ∼ 1.4. For an in-depth discussion of the effects of surface
brightness profiles on the afterglow diameter, see Pihlström et al. (2007).

4.4.3

Proper Motion

Solving for proper motion using all the VLBI observations to date, we derive µr.a. =
0.0044 ± 0.054 mas yr−1 and µdec. = −0.0031 ± 0.033 mas yr−1 , or an angular displacement over 2032 days of 0.030 ± 0.35 mas (Fig. 4.5). These observations are
consistent with those reported by Taylor et al. (2004, 2005) and Pihlström et al.
(2007), and impose a stronger limit on the proper motion. The implied 2σ limit on
the proper motion in the plane of the sky is 0.067 mas yr−1 (corresponding to 1.1
pc) in 2032(1 + z)−1 ≈ 1739 days, or 0.73c (1σ).
In the relativistic fireball model, a shift in the flux centroid is expected owing to
the spreading of the jet ejecta (Sari, 1999). For a jet viewed off the main axis, the
shift can be substantial (Granot & Loeb, 2003). However, since gamma rays were
detected from GRB 030329 it is likely that we are viewing the jet largely on-axis.
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Figure 4.2: The apparent expansion of GRB 030329 derived from measurements and
limits on the angular size as a function of time. The 1σ upper limit at day 51 is from
Taylor et al. (2004), as are the measurements on days 25 and 83. The measurement
on day 217 is from Taylor et al. (2005). The measurement on day 806 comes from
Pihlström et al. (2007). The measurement on day 15 comes from a model-dependent
estimate based on the quenching of the scintillation (Berger et al., 2003a). Finally,
the 1σ upper limit on day 2032 comes from this work.

The angular shift of the flux centroid is approximately qθ0 R/D (Sari, 1999), where
q is a measurement of the angular separation between the observer and the center of
the jet in units of the half-opening angle of the jet, θ0 is the initial half-opening angle
of the jet, R is the radius of the emitting region, and D is the angular distance to the
observer. The maximum angular shift is found by setting q = 1, in which case the
observer is at the edge of the jet. For a typical value of the initial jet half-opening
angle of θ0 = 0.2 mas, our upper limit on the emitting region size of R < 1.2 × 1019
cm, and a luminosity distance of D = 587 Mpc, the maximum angular shift in the
flux centroid is 0.16 mas. Although this estimate is larger than our upper limit of
0.067 mas, it can easily be made consistent by either decreasing the value of θ0 or
of q. Indeed, the detection of a gamma-ray afterglow makes it likely that we are
positioned near the center of the jet and q ≪ 1.
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Proper motion in the cannonball model originates from the superluminal motion
of plasmoids ejected during a supernova explosion with Γ0 ∼ 1000 (Dado et al.,
2003). Dar & de Rujula (2003) predicted a displacement of 2 mas by day 80 assuming plasmoids propagating in a constant density medium. This estimate was revised
downward to 0.55 mas by incorporating plasmoid interactions with density inhomogeneities at a distance of ∼ 100 pc within a wind-blown medium (Dado et al., 2004).
Neither variant of this model is consistent with our proper-motion limits.

4.5
4.5.1

Discussion
Density Profiles

Fig. 4.4 demonstrates how the measured evolution of the image size for GRB 030329
compares with the predictions of a suite of theoretical models developed by Granot
et al. (2005). The evolution of the image size will be fit to the hydrodynamics and
emission models from §2 and §3, which were developed after the material in the
current chapter was published, in §5. The data constrain the external density profile
at radii R & 1018 cm. Our observation at day 2032 suffered from a very low signal
to noise, resulting in a large uncertainty. Additionally, the source is unresolved,
meaning that we can only report an upper limit of 1.31 mas (2σ).
Looking at Fig. 4.4, it can be seen that the upper limit that we obtain for the
image size on day 2032 cannot be used by itself to distinguish between a uniform
and a windlike medium. Another, tighter constraint on the angular size can be
inferred from the apparent afterglow expansion rate hβapp i (Fig. 4.3) on physical
grounds. The afterglow expansion rate at day 806 is hβapp i = 0.9 ± 0.2. Although it
is plausible that hβapp i might have remained constant between days 806 and 2032,
there is certainly no plausible physical mechanism that would cause it to increase.
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Figure 4.3: Evolution of the average apparent expansion velocity derived from direct
size measurements, and assuming a Gaussian intrinsic surface brightness profile. The
1σ upper limit at day 51 is from Taylor et al. 2004, as are the measurements on days
25 and 83. The measurement on day 217 is from Taylor et al. 2005. The measurement
on day 806 comes from Pihlström et al. 2007. The measurement on day 15 comes
from a model-dependent estimate based on the quenching of the scintillation (Berger
et al., 2003a). Finally, the 1σ upper limit on day 2032 comes from this work.

The maximum afterglow size at day 2032 can therefore be calculated by assuming a
constant expansion rate of hβapp i = 0.9 over this period. The result is a maximum
afterglow size of 0.90 mas (8.0 × 1018 cm), significantly lower than the measured

upper limit of 1.31 mas (1.2 × 1019 cm) and at the low end of the range of values
that are compatible with the wind models.
Because we only have an upper limit on hβapp i at day 2032, we cannot immediately
rule out a large deceleration due to the transition of the jet into a more dense
environment such as the ISM that lies beyond a star’s wind termination shock. A
non-relativistic jet that encounters an enhancement in the density is expected to
produce a rebrightening in the light curve (Mesler et al., 2012b; Ramirez-Ruiz et al.,
2001, 2005; Dai & Lu, 2002). The jet transitions to the non-relativistic regime when
hβapp i ≃ 2 (Pihlström et al., 2007), or after approximately 1 year. The lack of
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any rebrightening in the 5 GHz light curve argues against an increasing density.
The observations of the afterglow size at days 217 and 806 are consistent with a
uniform medium. With limits on the possible afterglow expansion rate making a
windlike medium unlikely and a lack of any rebrightening in the light curve making
a transition to either a denser uniform medium or a k > 0 density profile unlikely as
well, it is most probable that the jet is propagating through a continuous, uniform
medium, or perhaps through a medium that is intermediate between a wind and a
uniform ISM.

4.5.2

Rebrightening

Radio rebrightening of GRB 030329 has been predicted by Granot & Loeb (2003) as
the counter jet becomes non-relativistic and its emission is no longer strongly beamed
away from us. At 15 GHz, Li & Song (2004) predicted that the flux density of the
afterglow would be 0.6 mJy 1.7 yr after the burst. The actual 4.86 GHz flux density
was ∼ 0.33 mJy after 1.7 yr (see Fig. 4.1). Using the relationship Fν ∝ ν −0.6 , which
is valid between these two frequencies, one would expect to find a corresponding flux
density at 15 GHz of ∼ 0.17 mJy, a factor of ∼ 3.3 lower than the prediction. A more
recent model by van Eerten et al. (2010) predicts that the contribution to the flux by
the counter-jet should be significantly smaller and should occur much later at ∼ 600
days. We find that the late time 4.9 GHz light curve, from 59 days to 2032 days,
is consistent with a single power law decay of Fν ∝ t−1.27±0.03 (see Fig. 4.1), which
implies that, up to ≃ 2032 days after the burst, there is no significant contribution
to the observed flux density from the counter jet. Consequently, we find no clear
evidence for a rebrightening up to 5.5 years after the burst. We note that detailed
numerical simulations show that the rebrightening due to the counter-jet becomes
much less prominent for a wind-like density profile (see Fig. 13 of De Colle et al.
2012). In such a case it might still be consistent with the observed single power-law
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flux decay in the late time radio afterglow light curve of GRB 030329.

4.6

Conclusions

We present measurements of the 5 GHz flux density and image size of the GRB
030329 radio afterglow taken over a period of 5.5 years. These observations clearly
demonstrate that the expansion rate has decreased over time, with a transition to
the non-relativistic regime at ∼ 1 yr. After approximately day 59, the afterglow flux

density follows a power law of Fν ∝ t−α , with temporal index α = 1.27 ± 0.03, which

agrees with the value of α = 1.23 ± 0.03 obtained by Pihlström et al. (2007). Using
the method of van der Horst et al. (2008), the electron power law index p is found to
be p = 2.24 ± 0.02 for a uniform medium, which does not agree with their value of
p = 2.12 ± 0.02. The value determined for the electron power law index is found to
be highly sensitive to the time range used to calculate it, making the temporal slope
only capable of providing a quick estimate of the electron power law index.
A rebrightening of the source was expected as the counter jet became nonrelativistic, however, no rebrightening was detected up to 5.5 years after the burst.
Numerical simulations suggest that any rebrightening in a windlike medium would
be more difficult to detect as compared to a uniform medium. However, a windlike
medium is not favored by the measured evolution of the afterglow image size. A possibility also exists for asymmetry between the jet and the counter jet. If the counter
jet had a lower initial energy or encountered a less dense external medium, then it
would produce a smaller rebrightening than expected.
An upper limit of 0.067 mas yr−1 is found for the proper motion. Consequently,
the proper motion of the flux centroid is constrained to be smaller than the diameter
of the image, which is consistent with the fireball model but not with the cannonball
model.
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The upper limit that we obtained for the source size at day 2032 (Fig. 4.4) is, by
itself, insufficient to conclusively determine the nature of the circumburst medium
through which the jet is propagating. We argue that, on physical grounds, the mean
expansion rate hβapp i cannot increase between two epochs. The value of hβapp i at
day 806 was 0.9 ± 0.2, which corresponds to a maximum angular size at day 2032
of 0.90 mas, which is not consistent with a windlike medium. We therefore argue
that the expansion rate of the burst favors a uniform medium or a medium which is
intermediate between a wind and a constant-density ISM. A non-steady wind might
produce an intermediate density profile with k ∼ 1 where ρext = Ar −k . Additionally
a binary merger scenario wherein the circumstellar shell is not ejected isotropically
could produce an intermediate environment. The GRB 030329 radio afterglow, then,
is consistent with a binary merger progenitor which ejected its hydrogen shell early
enough that it has been pushed by the subsequent stellar wind beyond the reach of
the GRB jet, even after more than 5.5 years of observation. In §5 we will perform
burst calorimetry on the GRB 030329 radio afterglow in order to determine the burst
parameters and shed more light on the nature of the circumburst medium.
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Figure 4.4: Tentative fits of theoretical models for the evolution of the source size
(from Granot et al. 2005) to the observed image size (of diameter 2R⊥ ) of the radio
afterglow of GRB 030329 up to 83 days. The 1σ upper limit at day 51 is from
Taylor et al. 2004, as are the measurements on days 25 and 83. The measurement
on day 217 is from Taylor et al. 2005 and the measurement at 806 days is from
Pihlström et al. 2007). The 2σ upper limit at day 2032 comes from this work. All
direct measurements are plotted with 1σ error bars. In model 1 there is relativistic
lateral spreading of the GRB jet in its local rest frame, while in model 2 there is
no significant lateral expansion until the jet becomes non-relativistic. The external
density is taken to be a power law with the distance r from the source, ρext = Ar −k ,
where k = 0 for a uniform external density while k = 2 is expected for a stellar wind
environment.
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Figure 4.5: The positions derived from the observations in eight epochs relative to the
first determination on April 1st at 8.4 GHz. Observations at multiple frequencies at a
given epoch have been plotted separately since they are independent measurements.
A circle with a radius of 0.29 mas (2σ) is shown to encompass all measurements except
for the one taken on 08 Oct. 21 (day 2032) which lies just outside the circle’s edge,
and those taken within the first eight days at 5 GHz, which suffer from systematic
errors (Taylor et al., 2004). Taken together these observations provide a constraint
on the proper motion of < 0.067 mas yr−1 over 2032 days.
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Calorimetry of GRB 030329
The contents of this chapter were published in a modified form as Mesler R. A. &
Pihlstr om, Y. M. 2013, ApJ. 774, 1. Used with permission.

Abstract:
We perform calorimetry on the bright gamma-ray burst (GRB) 030329 by
fitting simultaneously the broadband radio afterglow and the observed afterglow image size to a semi-analytic hydrodynamics and afterglow emission model. Our semi-analytic method is valid in both the relativistic and
non-relativistic regimes, and incorporates a model of the interstellar scintillation that substantially effects the broadband afterglow below 10 GHz.
The model is fitted to archival measurements of the afterglow flux from 1
day to 8.3 years after the burst. Values for the initial burst parameters
are determined and the nature of the circumburst medium is explored.
Additionally, direct measurements of the lateral expansion rate of the radio afterglow image size allow us to estimate the initial Lorentz factor of
the jet.
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5.1

Introduction

A gamma-ray burst (GRB) afterglow is produced by the interaction of the GRB jet
with the circumburst medium in which it is immersed. An afterglow spectrum is
composed of a series of power laws separated by breaks (Sari et al., 1998), and is
produced when electrons in the circumburst medium spiral around the tangled and
compressed magnetic field lines present at the shock boundary between the jet and
the circumburst medium. In this manner, the kinetic energy of the jet is gradually
converted into radiation and particle energy (Meszaros & Rees, 1993; Katz, 1994).
The properties of the jet- including its initial kinetic energy, mass, and half-opening
angle- only partially determine the temporal evolution of the afterglow. Because
the afterglow luminosity is dependent upon the density of the circumburst medium,
the nature of that medium (i.e., whether it is wind-like or a uniform density ISM)
plays a crucial role in determining the temporal evolution as well (Sari et al., 1998;
Huang et al., 2000; Chevalier & Li, 2000; Granot & Sari, 2002; Mesler et al., 2012a).
Analytical models of relativistic jets in power law mediums (n(r) ∝ r −k , with k = 0
for a uniform density and k = 2 for a wind) have yielded light curves that are in
reasonable agreement with observations (Berger et al., 2000; Yost et al., 2003; Curran
et al., 2011; Price et al., 2002).
Semi-analytic models developed by Berger et al. (2003a), Frail et al. (2005), and
van der Horst et al. (2005) have been used to estimate parameters of the GRB 030329
radio afterglow, including the isotropic equivalent energy Ek , the electron spectral
index p, the electron and magnetic field energy fractions (ǫe and ǫB , respectively),
and the jet half-opening angle θj , using broadband radio observations over the course
of the first year. Van der Horst et al. (2008) extend this to the first ∼ 3 years. We
use all previously published observations of GRB 030329 between 0.84 and 250 GHz
as well as archival VLA observations at 1.4, 4.9, and 8.5 GHz taken between 1.7 and
8.3 years after the burst to perform burst calorimetry deep into the non-relativistic
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regime. The broadband afterglow is modelled using the method developed detailed
in §2 and §3.

5.2

GRB 030329

At a redshift of z = 0.1685 (Greiner et al., 2003), the gamma-ray burst GRB 030329 is
one of the closest GRBs detected to date. Assuming a ΛCDM cosmology with H0 = 71
km s−1 Mpc−1 , ΩM = 0.27, and ΩΛ = 0.73, GRB 030329 is located at an angular
distance of dA = 587 Mpc, with 1.0 mas corresponding to 2.85 pc. The burst was first
detected on March 29th, 2003 at 11:37 UTC by the High Energy Transient Explore
2 (HETE-2 ) satellite, and was subsequently localized in the optical by Peterson &
Price (2003). The GRB 030329 radio afterglow was (and still is) the most luminous
afterglow to ever have been observed, achieving a maximum flux density of 55 mJy
at 43 GHz one week after the burst. The relative proximity of the burst to the
Earth, coupled with its extremely high luminosity, made it possible for the radio
afterglow to be directly resolved by the Very Long Baseline Array (VLBA) and the
Global VLBI Array at 5 GHz (Taylor et al., 2004, 2005; Pihlström et al., 2007; Mesler
et al., 2012b). Additionally, the 5 GHz radio afterglow was detected by the VLA for
8.3 years. GRB 030329 has therefore provided a unique opportunity to study the
evolution of both the luminosity and the physical size of a GRB afterglow

5.3

Archival Data

We compare our model to observations of the GRB 030329 radio afterglow luminosity.
In addition to previously published data, we include late-period 1.4, 4.9, and 8.5 GHz
observations, taken from the NRAO data archive, that were made between 621 and
3018 days after the burst (see Table 5.1). The VLA data were reduced in the standard
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Date

∆t
Frequency
(days)
(GHz)
2004 Dec 09 621.2
1.4
2004 Dec 09 621.2
8.5
2004 Dec 23 635.1
1.4
2004 Dec 23 635.1
4.9
2004 Dec 23 635.1
8.5
2005 Jan 23 665.9
1.4
2005 Jan 30 672.9
1.4
2005 Jan 31 673.7
1.4
2005 Mar 31 732.7
8.5
2005 Apr 07 739.7
1.4
2005 Apr 07 739.7
8.5
2005 Jun 08 801.5
1.4
2005 Oct 21 937.0
8.5
2005 Oct 29 944.5
8.5
2005 Dec 14 990.5
8.5
2005 Dec 26 1003.1
8.5
2006 Mar 22 1088.7
1.4
2006 Mar 22 1088.7
8.5
2006 Apr 15 1266.2
8.5
2006 Apr 29 1126.5
4.9
2006 Sep 15 1266.2
4.9
2011 Jul 03 3018.2
4.9

Flux Density
(µJy)
650 ± 70
250 ± 30
590 ± 70
370 ± 60
300 ± 40
420 ± 80
480 ± 70
510 ± 80
260 ± 40
650 ± 40
300 ± 30
380 ± 10
100 ± 30
120 ± 30
180 ± 20
140 ± 30
630 ± 30
170 ± 20
80 ± 30
080 ± 20
170 ± 50
32 ± 10

VLA Project Code
AF414
AF414
AF414
AF414
AF414
AK583
AK583
AS796
AK583
AF414
AF414
AK583
AK583
AK583
AK583
AK583
AS864
AS864
AS864
AS933
AS864
10C-203

Table 5.1: Observations of the GRB 030329 radio afterglow at 1.4, 4.9, and 8.5 GHz
taken from the NRAO data archive and not appearing in a previous publication.

manner with the use of the AIPS software package. Either 3C138 or 3C286 was used
for absolute flux calibration, and J1051+213 or J1021+219 were used to determine
the phase corrections.
To ensure the best possible fit of our semi-analytic model to the broadband afterglow, we also utilize previously-published measurements of the afterglow flux at
840 MHz, 1.4 GHz, 2.3 GHz, 4.9 GHz, 8.6 GHz, 15 GHz, 23 GHz, 43 GHz, 100 GHz,
and 250 GHz. Previously-published Westerbork Synthesis Radio Telescope (WSRT)
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data were taken from van der Horst et al. (2005) and van der Horst et al. (2008).
Previously-published Very Large Array (VLA) data were taken from Berger et al.
(2003a), Frail et al. (2005), Pihlström et al. (2007), and Mesler et al. (2012b). The
100 GHz and 250 GHz data points are from Sheth et al. (2003). The VLBI data
points are from Taylor et al. (2004), Pihlström et al. (2007), and Mesler et al. (2012b)

5.3.1

Determining the Initial Lorentz Factor

GRB 030329 is unique in that its afterglow has been directly resolved using VLBI at
5 GHz (Taylor et al., 2004, 2005; Pihlström et al., 2007; Mesler et al., 2012b). With
multiple epochs of observation, the expansion history of the burst can be determined
directly, allowing us to place constraints on the initial Lorentz factor of the burst. We
model the jet evolution by fitting the hydrodynamics and emission models developed
in §2 and §3 to the observed GRB 030329 expansion history and broadband radio
light curve.
Initially, the mass being swept up by the GRB jet will be negligible as compared
to the initial jet ejecta mass Mej . The jet will coast at nearly constant speed in this
regime assuming that ǫ ≪ 1 ≪ Mej /m. It is only when the sum of the two terms
in the denominator of equation 3.4 that are dependent upon the swept mass m is
of the same order as the initial ejecta mass Mej that the jet begins to decelerate
appreciably. We will define the isotropic frame time t = tdec as the time at which



Mej = ǫm + (1 − ǫ) m 2γ̂Γ − (γ̂ − 1) 1 + Γ−2 .

(5.1)

The afterglow linear size evolves according to the comoving sound speed (Huang
et al., 2000)
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c′s =

s

γ̂ (γ̂ − 1) (Γ − 1)
c.
1 + γ̂ (Γ − 1)

(5.2)

In the regime where t < tdec , the Lorentz factor is nearly constant, meaning that
the afterglow expands laterally at a nearly constant rate β⊥ . Using the relationship
between the isotropic frame time and the Earth frame time



√
dt = Γdt′ = Γ Γ + Γ2 − 1 dt⊕ ,

(5.3)

we find that the relationship between the expansion rate β⊥ of the afterglow and the
initial Lorentz factor is

√ 
s 3
q
3
4Γ0 + Γ20 − 4Γ0 − 1
Γ0 + Γ20 − 1
β⊥ ≃
3
Γ0 (4Γ20 − 1)

(5.4)

for t < tdec .
The average apparent expansion rate of the afterglow (in units of the speed of
light) is defined as

hβapp i =

(1 + z)R⊥
,
ct⊕

(5.5)

where R⊥ is the physical radius of the image, z is the source’s cosmological redshift,
t is the Earth-frame time of observation, and c is the speed of light. The observed
average lateral expansion rate of the GRB 030329 radio afterglow is shown in Fig.
5.1. At early times (t < tdec ), the lateral expansion rate is nearly constant, and,
therefore, β⊥ ≃ hβapp i. After t = tdec , however, the jet begins to decelerate and both
116

Chapter 5. Calorimetry of GRB 030329
β⊥ and hβapp i begin to decrease. The time tdec will therefore show up in the plot of
hβapp i vs. t as a break where

dhβapp i
dt

begins to decrease from its initial value of ∼ 0.

Figure 5.1 shows two fits to the expansion history of the burst. The first fit is a
simple power law with index −0.42, as in Mesler et al. (2012b). In this interpretation,
the time tdec occurs before the time of the first VLBI observation at day 15, and we
do not see the coasting phase during which the jet is moving at a nearly constant
velocity. In the second model, the jet coasts at a constant rate until day tdec = 83
days and then begins to decelerate. Because both models fit the data equally well,
it is not possible to distinguish between them. Models of the average apparent
expansion rate which assume tdec > 83 days, however, produce steadily worse fits as
tdec is increased, so we argue that tdec . 83 days.
The lower bound on the possible values of tdec can be found by turning to our
hydrodynamics models. An early tdec implies a high initial Lorentz factor and a
longer transition time between the coasting phase and the decelerating phase. In
order for tdec to have occurred before the date of the first observation at day 15,
the jet must have had a low enough initial Lorentz factor for its average apparent
expansion rate to be adequately modelled as a single power law from day 15 onward.
Our hydrodynamics models produce jets with average apparent expansion rates that
can be modelled as single power laws after day 15 only if tdec & 1 day. For a range
in tdec of 1 . tdec . 83 days, we obtain 4.5 . hβapp i . 7.0. Using Eqn 5.4, we then
obtain an estimate for the initial Lorentz factor of 4 . Γ0 . 6.
The afterglow emission from GRB 030329 has previously been interpreted as
coming from a two-component jet (Berger et al., 2003a; Frail et al., 2005). One of the
components was highly relativistic with a small initial half-opening angle of θ0 ≃ 5◦
and was responsible for the high energy emission (optical and higher frequencies),
while the other component was only mildly relativistic with a larger jet half-opening
angle θ0 ≃ 17◦ , and was responsible for emission at frequencies in the optical and
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below. Our value of 4 . Γ0 . 6 is consistent with the Lorentz factor expected for
the wider, moderately relativistic jet component.
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Figure 5.1: The observed transverse expansion rate hβapp i. The red line corresponds
to a single power law with index −0.42 as in Mesler et al. (2012b). The blue line is
a piecewise function consisting of a constant value before a time tdec = 83 days and
a single power law thereafter.

The initial Lorentz factor is related to the ejecta mass Mej and the kinetic energy
Ek via

Ek = (Γ0 − 1) Mej c2 .

(5.6)

Determination of the initial Lorentz factor can therefore provide an important constraint on the ratio between the initial burst kinetic energy and the ejecta mass.

5.3.2

Fitting the χ2r hydrodynamics Models

Using the observations of the burst linear size (Fig. 5.1), we produce a best-fit to
our hydrodynamics models by varying the kinetic energy Ek , the ejecta mass Mej ,
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and the initial jet half-opening angle θ0 . Best-fits to a variety of wind and uniform
density profiles are shown in Fig. 5.2. We find that the afterglow size evolution can
be successfully fitted to either a wind or a uniform density, but that lower values of
χ2r = χ2 /N, where N is the number of degrees of freedom present in the model, can
be obtained for fits of uniform media to the afterglow size evolution than for stellar
winds (χ2r, uniform & 1.2 versus χ2r, wind & 2.2). The medium surrounding GRB 030329
is therefore perhaps more characteristic of a uniform density or of a medium that
is intermediate between a constant density and a stellar wind rather than of a pure
stellar wind. This is consistent with our findings in §4. A good fit can be obtained
for 2 . Γ0 . 10 over the entire range in n and A∗ that we searched (10−1 < n < 102

cm−3 and 0.3 < A∗ < 6 cm−1 ).
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Figure 5.2: Fits of the GRB 030329 radio afterglow linear size to hydrodynamics
models. Solid lines refer to models in which a uniform medium was assumed, while
dashed lines indicate a stellar wind.
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5.4

Burst Calorimetry From the Broadband Afterglow

While the linear size evolution of the afterglow can give us insight into the initial
Lorentz factor of the jet, it can only be used to determine the ratio between the
initial kinetic energy and the ejecta mass if the nature of the circumburst medium
is unknown. In order to determine the values of the kinetic energy and the ejecta
mass, as well as the values of the other burst parameters, we must expand our model
to include the properties of the afterglow emission.
The hydrodynamics and emission models detailed in §2 and §3 were used to
perform calorimetry on the broadband radio afterglow of GRB 030329. Seven parameters were fit simultaneously: the kinetic energy (Ek ), the ejecta mass (Mej ),
the jet half-opening angle (θj ), the fraction of the total burst energy stored in magnetic fields (ǫB ) and in electrons (ǫe ), the electron power law index (p), and the
medium density (n) in the case of a uniform medium or the wind density scaling
factor (A∗ ) in the case of a wind. The factor A∗ is set such that the medium density
ρ(r) = 5 × 1011 A∗ r −2 g cm−1 for a stellar wind.
The values that are obtained for the GRB 030329 burst parameters appear in
Table 5.2. Synthetic light curves produced using the best fit uniform medium and
wind models are shown in Fig. 5.3. We incorporate the Goodman (1997) model
of interstellar scintillation to account for the time-dependent scatter of the lowfrequency (. 10 GHz) data. The high-frequency data (& 10 GHz) exhibits mild
departures from the expected smooth behaviour of the afterglow emission, possibly
due to slight clumping of the circumburst medium. The large values of χ2r are due
to these mild departures from smooth behaviour. Fitting only the data at or below
4.9 GHz yields χ2r = 1.9 for the best-fit uniform medium and χ2r = 24 for the best-fit
wind.
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Medium Type
uniform (ISM)
wind

Ek
Mej
51
(10 erg)
(M⊙ )
1.4
2.2 × 10−4
1.5
9.0 × 10−5

θ0
(◦ )
24
37

ǫB

ǫe

p

A1

χ2r

0.046 0.33 2.2 6.5 16.8
0.15 0.33 2.2 0.8 36.0

Table 5.2: Best fits to the GRB 030329 burst parameters assuming either a uniform density or a stellar wind circumburst medium. The medium density scaling
parameter1 A = n for a uniform medium and A = A∗ for a wind. Note that the
values of Ek listed here correspond to the kinetic energy of the jet at the time of the
burst.

The best-fit uniform density and wind models are both capable of reproducing
the broadband afterglow for the first ∼ 300 days. The transition to non-relativistic
expansion begins at approximately 42 days. The flux will decay more quickly in the
case of a stellar wind than in the case of a uniform medium after the non-relativistic
transition time tNR . The scatter of the data due to refractive scintillation and largescale diffractive effects means that the shallower decay due to a uniform medium is
not obvious until several hundred days after the burst (Fig. 5.3). It is clear that a
uniform medium is preferred over a stellar wind, however, by looking at the data that
was obtained after ∼ 600 days. This finding is consistent with previous work (Berger
et al., 2003a; Frail et al., 2005; van der Horst et al., 2005, 2008; Mesler et al., 2012b).
A stellar wind model can be made to better fit the broadband afterglow emission
if the wind scaling parameter is increased to A∗ > 1. In doing so, however, the
initial Lorentz factor must also be increased in order to keep the jet from becoming
non-relativistic too early. A larger value of A∗ , then, will provide a better fit to the
broadband afterglow at the expense of a poorer fit to the afterglow expansion rate if
Ek , Mej , and θj are held constant.
Our fitted burst parameters are broadly consistent with previous work (Berger
et al., 2003a; Frail et al., 2005; van der Horst et al., 2005, 2008) (Table 5.3). We
find that the initial burst kinetic energy is Ek = 1.4 × 1051 erg. Radiative losses
121

Chapter 5. Calorimetry of GRB 030329

2

10

0.84 GHz

1.4 GHz

2.3 GHz

4.9 GHz

8.6 GHz

15 GHz

23 GHz

44 GHz

100 GHz

250 GHz

0

10

−2

10

Flux Density (mJy)

2

10

0

10

−2

10

2

10

0

10

−2

10

2

10

0

10

−2

10

2

10

0

10

−2

10

0

10

1

10

2

10

3

4

10

10

0

10

1

10

2

10

3

10

4

10

t (in days)
Figure 5.3: Best fits to the GRB 030329 broadband radio afterglow assuming a
uniform medium (red line) and a stellar wind (blue line).

and energy losses due to adiabatic expansion reduce this to Ek = 0.59 × 1051 ergs

by tjet = 13 days. The ejecta mass is found to be Mej = 2.2 × 10−4 M⊙ , yielding

Γ0 = 4.5. We also find that θ0 = 24◦ , ǫB = 0.045, ǫe = 0.33, and p = 2.2. The
value we obtain for the medium density of n = 6.5 cm−3 is somewhat larger than has
been found by previous authors. The wide range in densities obtained for the GRB
030329 circumburst medium is probably due to differences in the individual models
employed by each author. Uncertainties in the structure of the jet magnetic fields
and the time dependence of ǫB and ǫe limit the accuracy of any gamma-ray burst
emission model. Given the imperfect nature of the current understanding of the jet
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Model
Relativistic1
Full2
Non-Relativistic2
Relativistic3
Non-Relativistic4
Full

tj
(days)
10
14
N/A
10
N/A
13

tNR
(days)
N/A
48
50
N/A
80
42

Ek
(10 erg)
0.67
0.90
0.78
0.24
0.34
0.59
51

θ0
(◦ )
26
26
N/A
42
N/A
24

ǫB

ǫe

p

n

0.042
0.074
0.13
0.43
0.49
0.045

0.19
0.17
0.06
0.28
0.25
0.33

2.2
2.2
2.2
2.2
2.2
2.2

3.0
2.2
1.3
0.8
0.8
6.5

Table 5.3: Comparison of best-fit parameters for the various models that have been
produced for the GRB 030329 radio afterglow. These models were first published in
Berger et al. (2003a)1, Frail et al. (2005)2 , van der Horst et al. (2005)3, and van der
Horst et al. (2008)4. The bottommost model is the best-fit uniform density model
presented in this work. Note that the kinetic energies listed here are valid at t = tjet
for models valid in the relativistic regime and at t = tNR for models that are valid
solely in the non-relativistic regime.

physics, we estimate that the values we obtain for the burst parameters are accurate
to within approximately a factor of 1.5.
The uniform medium and wind models that produced the best fit to the broadband afterglow were themselves fit to the observed radio afterglow image size evolution (Fig. 5.4). Both models fit the evolution of the afterglow size, though the
uniform medium fits significantly better (χ2r, uniform = 1.1 vs χ2r, wind = 3.9). From
the initial kinetic energy and the ejecta mass, we find that Γ0 = 4.5 in the uniform
medium case and Γ0 = 10.3 in the stellar wind case. The uniform medium model initial Lorentz factor agrees with our estimate of the initial Lorentz factor from section
2.2 of 4 . Γ0 . 6, while the wind model initial Lorentz factor does not.

123

Chapter 5. Calorimetry of GRB 030329

19

2R⊥ (cm)

10

18

10

17

10

uniform
wind

16

10 −1
10

0

10

1

10

2

10

3

10

4

10

t (in days)

Figure 5.4: Fits of the uniform and wind density models from Table 5.2 to the
observed apparent lateral afterglow expansion rate hβapp i.

5.5

Conclusions

We have presented the first simultaneous fit of a gamma-ray burst afterglow model
to a GRB’s broadband light curve and its observed afterglow expansion rate. More
than eight years of afterglow observations at radio frequencies between 840 MHz and
250 GHz were employed to perform accurate calorimetry on the gamma-ray burst
GRB 030329 deep into the non-relativistic phase. Values for the burst parameters
were determined, and the nature of the circumburst medium was explored.
By noting that a GRB jet will coast at a nearly constant velocity until a time
tdec where it has begun to sweep up a significant amount of circumburst material, we
derive a relationship between the average apparent afterglow lateral expansion rate,
hβapp i, and the initial Lorentz factor Γ0 . The initial Lorentz factor for GRB 030329
is found to be 4 . Γ0 . 6. Berger et al. (2003a) found that the GRB 030329 radio
afterglow was best modelled as the product of a jet component that was initially
mildly-relativistic. This interpretation has been subsequently supported by other
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authors (Frail et al., 2005; van der Horst et al., 2005, 2008), and is in agreement with
our estimate of Γ0 .
The flux falls off more slowly in the case of a uniform medium than in the case
of a wind once the jet becomes non-relativistic, so late-time observations of a GRB
afterglow provide important insight into the nature of the circumburst medium. Refractive scintillation and large-scale diffractive effects produce a significant scatter
in the data at . 10 GHz, meaning that observations of the flux at very late times,
when the predicted afterglow evolution is significantly different for a wind than for
a uniform medium, are extremely valuable in determining the nature of the circumburst medium. Our light curve models incorporate data out to 3018 days after the
burst, allowing us to better determine the burst parameters and the nature of the
circumburst medium than has been previously possible for GRB 030329.
We find that the best fit of a uniform density model to the broadband radio
afterglow predicts values for the burst parameters that are similar to the values that
are obtained when a stellar wind density profile is assumed. The goodness of fit χ2r of
the model that assumes a uniform density medium, however, is better by a factor of
∼ 2.1 than the goodness of fit of the wind model, suggesting that a uniform medium
is preferred over a stellar wind. This is in agreement with previous work (Berger
et al., 2003a; Frail et al., 2005; Mesler et al., 2012b).
The best-fit wind and uniform density models were fitted to the observed average
apparent afterglow lateral expansion rate and are both in good agreement with the
data. The uniform density model agrees nicely with our estimate of 4 . Γ0 . 6,
while the wind model does not, again suggesting that the circumburst medium is
more characteristic of a uniform ISM than a stellar wind.
For a low-redshift burst, it has long been expected that the circumburst density
profile should be of the form n(r) ∝ r −2 , which is characteristic of a pure stellar
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wind. As was discussed in §3, however, the GRB progenitor resets the density profile
in the vicinity of the progenitor before the burst due to outbursts and other massloss events. If the progenitor loses its hydrogen envelope prior to the burst, and
the mass loss is not isotropic, then it is entirely plausible that a GRB jet could
find itself propagating through a region that is intermediate between a stellar wind
and a constant density ISM, which is completely consistent with our results. If the
GRB 030329 GRB jet is, in fact, in such a medium, then it should be expected to
eventually reach the hydrogen shell that was ejected by the progenitor prior to the
burst. The shell, however, could have been ejected up to several kyr before the burst,
and may have travelled several pc from the progenitor by the time of the explosionwell beyond the reach of the jet even after 8 years of afterglow observation.
The ability to determine the initial Lorentz factor of a GRB jet provides a powerful constraint on models of the burst evolution. The initial Lorentz factor of the
burst determines the time tdec when the jet transitions to non-relativistic expansion
as well as the jet’s initial lateral expansion rate. By fitting the afterglow expansion
history to determine Γ0 , we limit the parameter space from which we can build a
model of the broadband afterglow. In the case of GRB 030329, this means that no
pure-wind environment remains that can be used as a suitable model of the circumburst medium. In order to determine the initial Lorentz factor, however, we must
have enough observations of the afterglow image size to determine tdec . The GRB
030329 afterglow is currently the only gamma-ray burst afterglow to have been directly resolved. In the future, more luminous, low-redshift bursts will need to be
imaged with VLBI so that combined afterglow and lateral expansion evolution fitting can be applied beyond the case of GRB 030329. Furthermore, the GRB 030329
radio afterglow may remain detectable at low frequencies for years to come. At
4000 days after the burst (March, 2014), the 1.4 GHz flux density is predicted to be
∼ 102 µJy by our best-fit uniform medium model, easily detectable with the VLA.
Such a late-time observation of the afterglow would help constrain the density profile
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even further, and, in the case of a deviation from the expected value of ∼ 102 µJy,
could potentially serve as evidence of a late-time interaction of the jet with a dense
hydrogen shell.
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Conclusions
This dissertation has drawn on observation and theory to investigate the nature of
the GRB progenitor. In the standard model, the collapse of a massive star produces a
GRB, but observational evidence does not always support the existence of the windlike density profiles that such progenitors would produce. However, the collapse
of a large stellar mass is the only known process that can produce the enormous
quantities of energy (1051 − 1054 ergs if the burst is isotropic) that is known to be
released during a GRB. To reconcile this apparent paradox, a host of stellar merger
events have been proposed wherein two stars merge and then collapse. Such events
would lead to complex density profiles not at all like the simple stellar winds assumed
in the collapsar model.
In § 2, a semi-analytic method was developed that is capable of modelling GRB
jet expansion and afterglow emission in arbitrarily complex density profiles. The
Zeus-MP code was used to generate density profiles for the various merger scenarios,
and it was shown that the light curves that were produced in these density profiles did
not match the simple power laws expected for a stellar wind circumburst medium.
Moreover, it was shown that the more complex density profiles predicted by our

128

Chapter 6. Conclusions
ZEUS-MP simulations could produce light curves that were consistent with those of
known bursts. The interaction of a GRB jet with a dense circumstellar hydrogen
shell was also shown to naturally explain the presence of flares in GRB afterglows
within the first ∼ 1000 seconds without the need to invoke delayed injection of energy
by the central engine.
In § 3, the semi-analytic method was extended and applied to stellar mergers
and collapsars produced by Population II and Population III stars at redshifts of
z & 15. Four cases were explored: constant-density HII regions, pure stellar winds,
binary mergers with circumstellar shells located 0.1 pc from the progenitor, and
helium mergers with circumstellar shells located at 2 AU. It was determined that all
four potential progenitor types could produce afterglows that would be detectable
by at least some current or upcoming instruments. The infrared appears to be the
best region of the spectrum for observing GRB afterglows in pure winds or in HII
regions, with GRIPS, JWST, and WFIRST well suited for detecting these events.
The possibility for X-ray and radio observations of GRBs in HII regions and pure
winds also appears promising, with VLA and SKA able to detect these sources for
potentially several tens of days and with SWIFT, EXIST, and Lobster able to detect
the X-ray afterglow for several hours.
It was found that, in the vast majority of cases, circumstellar hydrogen shells
ejected by most binary merger GRB progenitor candidates will have propagated far
enough by the time of the burst that the GRB jet will not encounter them before
the afterglow becomes too dim for a detection. Therefore, most binary merger GRB
afterglows would be consistent with a pure wind, or if the progenitor’s mass loss is
not isotropic, with a medium that is intermediate between a wind and a constant
density. Helium mergers showed the most distinctive afterglow light curves. Due to
the extreme densities encountered by the jet in an He merger environment (∼ 1012
cm−3 in the free-streaming region behind the circumstellar shell, and upwards of 1015
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cm−3 in the shell itself), the absorption break is generally in the far infrared. Consequently, the radio afterglow is suppressed and should go undetected by current or
proposed radio instruments. The infrared afterglow is bright enough for a detection,
but only lasts for ∼ 2 hours, making it also unlikely that it will be detected by most
infrared instruments. The X-ray afterglow, however, should be quite bright, potentially reaching 10−100 mJy immediately after the end of the prompt emission phase.
Instruments such as JANUS, EXIST, Lobster, and SWIFT could easily detect such
a source.
The radio afterglow of GRB 030329 was observed with the VLA and the WSRT
for more than 5 years to determine the afterglow evolution at 5 GHz. The results
of this campaign were presented in § 4. The flux was found to follow a single power

law decrease of F (ν) ∝ t−1.27±0.03 after reaching a peak at approximately day 59.
No evidence was found for a counter jet, which is in disagreement with the standard
double-sided jet model of GRBs. The VLBA and Global VLBI were used to directly
measure the expansion history of the radio afterglow, and it was determined that the
expansion rate of the burst was more consistent with a uniform medium than with
a stellar wind.
The semi-analytic method that was developed in § 3 was χ2 fitted to the GRB
030329 radio afterglow flux evolution and expansion rate in § 5 in order to perform
burst calorimetry. The best-fit model was shown to be a uniform density medium
with n = 6.5 cm−3 . The GRB 030329 radio afterglow was shown to be consistent with
a two-component jet, with the radio emission being produced by a mildly-relativistic
(4 < Γ0 < 6) jet component with a large half-opening angle (θ0 = 24◦ ) that contained
the majority of the burst kinetic energy (Ek = 1051 erg).
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6.1

Toward the Long-Duration GRB Progenitor

The primary goal of the dissertation was to investigate the nature of the long-duration
GRB progenitor. To accomplish this, we first produced hydrodynamics simulations
with the aid of the ZEUS-MP software package that produced high-resolution 1-D
models of the structure of the circumstellar environment surrounding a stellar progenitor right before its collapse. It was shown that the simple n(r) ∝ r −2 wind
profiles that had been assumed previously were woefully inadequate to describe such
an environment. This assertion was confirmed observationally by showing that observations of the GRB 030329 radio afterglow flux are not consistent with a stellar wind
CBM. A new method for modelling the propagation of a GRB jet through our much
more complicated (and much more realistic) density profiles was developed. The
light curves that we produced provided a natural explanation for flares and other
sharp features which have been seen in GRB afterglows such as GRB 081029 (Nardini et al., 2011), GRB 071112C (Huang et al., 2012), and GRB 050502B (Falcone
et al., 2006).
GRB 030329 was targeted specifically due to its bright and long-lived radio afterglow and its status as the only GRB which has had its afterglow directly resolved
with VLBI. Our hydrodynamics models were fitted to the burst expansion rate and
afterglow evolution to determine the nature of the circumburst medium. We find
that the medium is not consistent with a wind, but is instead more characteristic
of a uniform medium or a hybrid between a wind and a constant density. Such a
medium flies in the face of the traditional wind medium approximation, but is entirely consistent with our more sophisticated models. The GRB 030329 circumburst
medium is consistent with a binary merger GRB progenitor wherein the circumstellar shell has propagated far enough from the progenitor that the GRB jet did not
encounter it during our period of observation.
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If one assumes that a stellar GRB progenitor should be immersed in a pure stellar
wind, then flares or other sharp features present in the light curve are hard to explain.
Additionally, a constant density medium such as is inferred for GRB 030329 would
appear to argue against a stellar progenitor. We argue that it is not the stellar
progenitor that is inconsistent with flares and uniform media, but, rather, that the
assertion that such a progenitor is embedded in a pure wind is incorrect. Flares and
media that are not representative of a pure wind are, in fact, entirely consistent with
a stellar progenitor which has lost its hydrogen shell prior to the burst. Flares and
other sharp light curve features may be a signature of the interaction of the jet with
these shells, while uniform media may suggest the propagation of the jet through the
region that lies interior to the shell if the progenitor experienced non-isotropic mass
loss.

6.2

Future Work

There is still much left unanswered regarding the long-duration GRB progenitor. Of
primary importance is determining the precise collapse path that leads to a GRB.
Unfortunately, the various collapse paths that have been suggested for GRBs predict
very similar circumburst medium density profiles, and, hence, similar afterglow light
curves. More theoretical work needs to be done to narrow the field of potential
progenitor candidates. For a single collapsar to be a viable GRB candidate, for
instance, a means must be found to either lose the star’s hydrogen envelope without
the loss of its angular momentum, or it must be shown that large-scale mixing within
the star converts the hydrogen shell into helium core material. If it can be proven
than neither method of shell loss is viable, then the collapsar could be removed from
contention as a GRB candidate. Likewise, binary merger scenarios in which one star
envelops another may not have enough angular momentum to form an accretion disk

132

Chapter 6. Conclusions
that could power a GRB. More work must be done to determine whether or not a
lack of angular momentum will prevent the production of a GRB.
The models presented in this work make several observationally-testable predictions regarding the behaviour of GRB afterglows. First and foremost, our Zeus-MP
CBM simulations predict that not all afterglows should be consistent with a GRB jet
propagating through a stellar wind. An intermediate case between a stellar wind and
a uniform density (as in the case of GRB 030329) is also possible if any hydrogen
shell that was ejected by the progenitor is far from the progenitor at the time of
the burst. Such a scenario, due to the long time delay that would be required between the ejection of the shell and the burst, would be indicative of a stellar binary
merger or a He-He merger progenitor. Additionally, our afterglow emission models
predict the presence of sharp, color-dependent features in the afterglow including
flares of 1-2 orders of magnitude, plateaus, and sudden drop-offs of many orders of
magnitude. These sharp features are associated with the interaction of the jet with
a circumstellar shell. Their presence in a GRB afterglow light curve, then, could
argue against a collapsar progenitor for that burst. Sharp features observed in an
afterglow within the first few days might suggest an He Merger progenitor, due to
the short delay expected between the ejection of the shell and the subsequent burst
for those objects.
Flares and other sharp features in afterglow lightcurves could be useful tools for
determining properties of the circumburst medium, but only if it can be shown that
they are not due to late-time energy injection by the central engine. If the central
engine is a black hole, than the lifetime of the GRB is expected to be the amount of
time that it takes for the black hole to swallow its accretion disk. It is unclear, then,
where the material necessary to power late-time jet activity would come from. Latetime injection is easier to explain, however, in the context of a magnetar progenitor.
If flares are due to the interaction of a GRB jet with the circumburst medium, then
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they could be potential signposts of the entrance of the jet into a circumstellar shell.
For a more precise determination of GRB afterglow behaviour in the presence
of realistic circumburst density profile, it will be necessary to turn to computer
simulations. Both special-relativistic hydrodynamical simulations and particle-in-cell
(PIC) calculations of GRB jets in circumburst media are now under development,
and will soon reveal the light curves of these cosmic explosions in unprecedented
detail.
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Appendix A
Average Synchrotron Power
Radiated by a Single Electron
The following discussion derives the power radiated by a single electron in a magnetic
field as in Rybicki & Lightman (1979), and is valid for both relativistic and nonrelativistic electrons. Electrons injected into a GRB fireball will be accelerated by
magnetic fields and produce synchrotron radiation. Synchrotron radiation from a
population of electrons with a power law distribution in velocities N(Γ) ∝ γ −p is
responsible for GRB afterglow emission.
An electron in the presence of a magnetic field experiences a force

qe
~
F~ = ~v × B,
c

(A.1)

~ is the magnetic
where qe is the electron charge, ~v is the velocity of the electron, and B
field. No work is done by a static magnetic field, so
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d~p
= 0,
dt

(A.2)

and the Lorentz factor, Γ, remains constant. The force on the electron can also be
written as

d~p
d
~
F~ =
= Γme~v × B,
dt
dt

(A.3)

where me is the electron mass. The force is entirely in the plane perpendicular to
the magnetic field, so we can rewrite Eqn. A.1 as

v⊥

dv̂⊥
qe v⊥ B
=
v̂⊥ × B̂,
dt
Γme c

(A.4)

where v⊥ and v̂⊥ are the magnitude of the electron’s velocity and a unit vector,
respectively, in the direction of motion of the electron in the plane perpendicular to
the magnetic field, and B and B̂ are the magnitude of the magnetic field and a unit
vector in the direction of the magnetic field, respectively. Simplifying and noting
that v̂⊥ × B̂ = θ̂ yields

qe B
dv̂⊥
θ̂,
=
dt
Γme c

(A.5)

which is the formula for circular motion with a rotation frequency

ωB =

qe B
.
Γme c

(A.6)
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Appendix A. Average Synchrotron Power Radiated by a Single Electron
Any accelerating electron will emit radiation. The total power emitted by an
electron accelerating only in a plane perpendicular to the magnetic field is

P =

2
2e4 Γ2 B 2 v⊥
2qe2 4 2
Γ
ω
=
.
B
3c3
3m2e c5

(A.7)

Let the pitch angle α be the angle between the velocity vector of the electron
and the plane perpendicular to the magnetic field. The magnitude of the electron’s
velocity in that plane, then, is v⊥ = v sin α. Equationeqn:radiatedPower1 can be
rewritten in terms of α and the classical electron radius re ≡ qe2 /me c2 as

2
P = re2 cΓ2 B 2 β 2 sin2 α.
3

(A.8)

The velocity distribution of the electrons will be isotropic in the frame comoving
with the GRB ejecta. We can average over all pitch angles to find the average power
radiated per electron in the ejecta:

2

2

β sin α =

Z

β2
β 2 sin2 α
dΩ =
4π
4π

Z

2
sin2 α dΩ = β 2 .
3

(A.9)

Substituting into Eqn. A.8, we get

 2
2
re2 cΓ2 B 2 β 2 .
P =
3

(A.10)

The Thompson cross section is defined as σT ≡ 8πre2 /3. Equation A.10 can be
rewritten in terms of the Thompson cross section and the magnetic energy density
UB ≡ B 2 /8π as
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P =

4
(βΓ)2 σT cUB .
3

(A.11)

Equation A.11 corresponds to the average synchrotron power radiated by a single
electron in the GRB external shock.
Electrons with an energy E that are emitting synchrotron radiation with a power
P cool on a comoving frame time scale

t′syn =

E
.
P

(A.12)

An electron with Lorentz factor γ has a total energy

E = γme c2 ,
where β =

p

t′syn =

(A.13)

1 + γ −2 , so that Equation A.12 becomes

1 6πme c
γβ 2 σT B ′2

(A.14)
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De Colle, F., Granot, J., López-Cámara, D., & Ramirez-Ruiz, E. 2012, ApJ, 746,
122
de Souza, R. S., Ishida, E. E. O., Johnson, J. L., Whalen, D. J., & Mesinger, A.
2013, arXiv:1306.4984
de Souza, R. S., Yoshida, N., & Ioka, K. 2011, A&A, 533, A32
Di Matteo, T., Perna, R., & Narayan, R. 2002, ApJ, 579, 706

144

REFERENCES
Djorgovski, S. G., Volonteri, M., Springel, V., Bromm, V., & Meylan, G. 2008, in
The Eleventh Marcel Grossmann Meeting On Recent Developments in Theoretical
and Experimental General Relativity, Gravitation and Relativistic Field Theories,
ed. H. Kleinert, R. T. Jantzen, & R. Ruffini, 340–367
Ekström, S., Meynet, G., Chiappini, C., Hirschi, R., & Maeder, A. 2008, A&A, 489,
685
Elliott, J., Greiner, J., Khochfar, S., Schady, P., Johnson, J. L., & Rau, A. 2012,
A&A, 539, A113
Falcone, A. D., Burrows, D. N., Barthelmy, S., Chang, W., Fredley, J., Kelly, M.,
Klar, R., Palmer, D., Persyn, S., Reichard, K., Roming, P., Seifert, E., Smith,
R. W. M., Wood, P., & Zugger, M. 2009, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 7435, Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series
Falcone, A. D., Burrows, D. N., Lazzati, D., Campana, S., Kobayashi, S., Zhang, B.,
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